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Two coeval sections of red to white ammonite-rich pelagic limestones spanning the complete Kimmeridgian and most 
of the Tithonian were sampled in detail. All samples were treated by progressive thermal demagnetization to remove a 
present field overprint. Characteristic magnetization is carried primarily by magnetite. Polarity intervals are easily 
identified and correlate well between the two sections. The Tithonian polarity sequence can also be correlated to 
sections in northern Italy. The similarity between the polarity sequence and the M-sequence of marine magnetic 
anomalies, coupled with the precise biostratigraphic control, allows assignment of the following ages to the M-sequence: 
the Late/Early Tithonian boundary is correlated to the end of M-20, the Tithonian/Kimmeridgian boundary to the end 
of M-23, the Late /Ear ly  Kimmeridgian boundary to the latter part of M-24, and the Kimmeridgian/Oxfordian 
boundary within or slightly after M-25. 

The mean directions of characteristic magnetization have a95's less than 3 ° and demonstrate extensive differential 
block rotation within the Subbetic province. Paleolatitudes during the Kimmeridgian/Tithonian are in the range of 
16-24°N. 

1. Introduction 

The sequence of linear marine magnetic 
anomalies is generally an accurate recorder of the 
changing polarity of the earth's magnetic field. 
Correlation to the polarity patterns in fossiliferous 
sediments or volcanic sequences allows assignment 
of ages to the formation of the seafloor crust. This 
has been accomplished for the Late Cretaceous 
and Cenozoic [1]. However, the Jurassic/Early 
Cretaceous M-sequence of marine magnetic 
anomalies [2,3] has been definitely correlated only: 
(1) in its earliest part, in Barremian/Aptian 
pelagic carbonates of Italy [4,5], and (2) in a por- 
tion of its older part, in Tithonian/early Berria- 
sian pelagic limestones from northern Italy [6] and 
from Deep Sea Drilling Project Site 534 in the 
western Central Atlantic [7]. The bulk of the M-se- 

0012-821X/84/$03.00 © 1984 Elsevier Science Publishers B.V. 

quence has been assigned approximate ages by 
projecting constant seafloor spreading rates be- 
tween or beyond a few age control points by using 
various absolute time scales [2,8-10]. The only age 
control point older than the Tithonian/Berriasian 
stage boundary (M-18) has been the age of basal 
sediments overlying basalt at DSDP Site 105, 
located between M-24 and M-25. However, the 
imprecision of the nannofossil zonation in the 
Jurassic has led to a continuing revision of the 
biostratigraphy of basal sediments at Site 105; for 
example, one of the lowest cores (core 37) has 
been dated variously as Oxfordian [11], Early 
Kimmeridgian [12], and Kimmeridgian [13]. As 
the dating of the earlier portion of the M-sequence 
is vital to models of the early spreading history of 
the Atlantic and to global seafloor spreading rates 
during the Late Jurassic, it is important that the 
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anomaly pattern be correlated to the polarity pat- 
terns obtained from fossiliferous sediments. This 
paper reports the successful results from Kim- 
meridgian/Tithonian sediments. 

There have been several previous attempts to 
determine polarity zonations in sedimentary sec- 
tions of Late Jurassic age. However, none yielded 
a definite correlation with the M-sequence or an 
assignment of ages for a variety of reasons. Mag- 
netostratigraphy of the Morrison Formation of 
North America yielded a possible correlation to 
M-22 through M-25 of the M-sequence [14], but 
the age and time span of these continental sedi- 
ments has been determined only as "Upper  
Jurassic". Studies of Upper Jurassic carbonate 
sediments in Tunesia [15] and Germany [16] 
yielded results which could not be reliably corre- 
lated to the M-sequence. Several DSDP sites in the 
Atlantic have recovered Tithonian/Kimmeridgian 
sediments. The magnetostratigraphy of Site 534 
could be correlated to M-16 through M-23 of the 
M-sequence [7], however the biostratigraphic ages 
given by different micropaleontological zonations 
differed considerably. Earlier studies at Site 367 
[17] and Site 391 [18] used only alternating field 
demagnetization, which is ineffective in removing 
present field overprints in these red marly lime- 
stones having hematite as the magnetic carrier 
[7,19]. Upon thermal demagnetization, the sedi- 
ments at Site 105 yielded a polarity sequence [19], 
but the condensed stratigraphy and poor recovery 
of this section did not allow correlation to the 
M-sequence. 

Magnetostratigraphic studies in the lowermost 
Cretaceous and upper Tithonian have been suc- 
cessful in correlating the broad microfossil zona- 
tion of calpionellids to the M-sequence [6,20-22]. 
However, the placement of the Jurassic/Creta- 
ceous boundary in these sections and correspond- 
ing assignment of this major period boundary to 
the M-sequence is very uncertain [23] and rarely 
corresponds to the international definition based 
on ammonite zones. 

2. Geologic setting and stratigraphy 

The Subbetic is presently a belt, 40-80 km 
wide, of Jurassic and Cretaceous pelagic sediments 

which extends 500 km across southern Spain from 
Cadiz to Alicante (Fig. 1). This region is interpret- 
ed as a passive margin which began active subsi- 
dence during the Carixian stage of the Early 
Jurassic and remained in the pelagic realm until 
initiation of tectonic shortening from the Eocene 
onwards [24]. The Prebetic region to the north 
continued as a shallow marine carbonate platform 
throughout this interval. The Subbetic is bounded 
to the south by the allochthonous terrains of the 
Betic region, which were probably emplaced dur- 
ing the Tertiary. 

During the Jurassic, the Subbetic was divided 
into two submarine swells separated by a median 
trough which experienced local volcanic extru- 
sions. This general topography and the irregular 
relief upon each swell led to considerable variation 
in the Jurassic facies (summarized in [25,26]). The 
two sections sampled for this study (Fig. 1) are 
interpreted to be from the summit or upper slope 
of small topographic highs, one on each swell [26]. 
The late Bathonian, Callovian and Early Oxfordian 
on such topographic highs is represented by very 
condensed sedimentation or hiatuses. Continuous 
pelagic sedimentation commenced in the late Early 
Oxfordian with red marl or gray nodular marly 
limestone. The Kimmeridgian is represented by a 
reduced-thickness, but generally continuous, sec- 
tion of ammonite-rich, red to pinkish gray, marly 
biomicritic limestone with Saccocoma (pelagic 
crinoids), calcified radiolaria, calcispheres, Globo- 
chaete, foraminifera, and miscellaneous shell de- 
bris. During the lithification process, differential 
cementation of the bioturbated sediment created a 
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Fig. 1. Location of the magnetostratigraphic sections in the 
Subbetic Cordillera region of southern Spain. Section A is 
Sierra Gorda; Section B is Carcabuey. 
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nodular texture; the carbonate cement of the 
lime-rich nodules was preferentially derived from 
dissolution in adjacent zones, leaving a residual of 
red clay and relatively-resistant Saccocoma frag- 
ments which formed a matrix among the nodules 
[26,27]. This process is associated with the variable 
density of burrowing. Paleomagnetic samples are 
taken preferentially from the nodules. Net sedi- 
mentation rates of these sediment sections are. 
about 75-150 cm/m.y.  [26]. During the Tithonian, 
carbonate sedimentation increased and the lith- 
ology gradually changed to a white biomicritic 
limestone with calpionellids. There is another 
gradual transition into the light gray marls of the 
Berriasian. 

Compression of the North Africa-Betic-Iberia 
region occurred during the Tertiary, with deforma- 
tion of the Subbetic region peaking during the 
Early Miocene. The pelagic sediment series was 
thrust northward; in some places the detachment 
surface is the Triassic evaporite beds. Broad re- 
gional folding and small-scale faulting of the blocks 
is ubiquitous. No metamorphism is observed, but 
locally severe small-scale deformation exists re- 
lated to the presence of thick marly facies. 

The ammonite biostratigraphy in the Kim- 
meridgian/Tithonian of the Subbetic has recently 
been established in detail [28-34], based in part on 
the stratigraphic sections sampled in this study. 
Correlation to the broader calpionelled zones is 
possible in the Late Tithonian. Table 1 presents 
the ammonite zonation used for this study and its 
correlation to some other important biostrati- 
graphic schemes. Placement of ammonite zone 
boundaries within the sampled outcrops is certain 
to within about 20 cm in the Kimmeridgian and 
about 40 cm in the Tithonian; which is equivalent 
to about 100,000-200,000 year precision in corre- 
lation between the sections. The small apparent 
hiatuses in sedimentation in each section (in- 
dicated by truncated ammonites, irregular surfaces 
of beds or major clay seams) commonly fall within 
individual ammonite zones, not at zonal bounda- 
ries; therefore we consider the maximum duration 
of such hiatuses to be only a fraction of an am- 
monite zone, or perhaps a maximum of 250,000 
years for some of the levels within the Kim- 
meridgian. These uncertainties in placement of 

ammonite zone boundaries and the hiatuses, while 
minor in importance, are noticeable in the detailed 
magnetostratigraphic correlations. 

The Sierra Gorda section (37.2°N, 355.9°E) is 
located on the eastern flank of the Sierra Gorda 
uplift, 1 /2  km east of Cortijo del Caldador, 5 km 
south of Salar (45 km west of Granada). This is a 
natural exposure in which the beds dip 36 ° in the 
direction N38°E. This sequence of sediments was 
deposited on the southern swell of the Subbetic 
(Internal Subbetic). The regional geology of the 
Sierra Gorda section has been described by Lin- 
ares and Vera [35] and Vera [36] (his "Cor te  de 
Venta Quesada" section). Microfacies of the units 
have been described by Vera et al. [25]. The Kim- 
meridgian/Tithonian lithostratigraphy and bio- 
stratigraphy have been studied in detail by Comas 
et al. [26] (their "Cardador"  section). The Late 
Tithonian in this section is represented by red, 
yellow and gray marls with few indurated levels 
and poor exposures, and therefore was not sam- 
pled. 

The Carcabuey section (37.5°N, 356.7°E) is 
located 4 km southwest of Carcabuey (80 km 
WNW of Granada), and about 50 km northwest of 
the Sierra Gorda section. It is a natural exposure 
above a small spring, and has an average dip of 
25 ° in the direction N100°E. The regional geology 
of this part of the northern uplift of the Subbetic 
(External Subbetic) has been well studied [37-39]. 
The Kimmeridgian/Tithonian lithologies and bio- 
stratigraphy are described by Comas et al. [26] 
(their "Hornil lo" section). Although the Kim- 
meridgian is represented by only 1.6 m of grayish 
red limestone, it exhibits a very detailed ammonite 
sequence. Sampling was continued into the 
lowermost Berriasian, the upper limit of the ex- 
posure. At this same outcrop, the underlying 
Bathonian red limestones were also sampled and 
are the topic of a separate report [40]. 

3. Laboratory procedure 

The density of field sampling depended upon 
the estimated rate of sedimentation. In general, we 
collected 20 cores per ammonite zone through the 
uppermost Oxfordian, Kimmeridgian and Lower 
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TABLE 1 

Comparison of ammonite zonations for Kimmeridgian/Tithonian 

Stage ~.~- 
Oloriz [29] 

Oloriz and Tavera [30] 

Subbetic Zone, Spain 

Sapunov[50] 

Bulgaria 

Berriasian B Berriasella (Pseudosubplanites) Protacanthodiscus 
grandis - Berriasella jacobi chaperi 

Durangites 

Late 
Tithonian 

Early 

Tithonian 

Ch 

\ 

Late 
Kimmeridgian 

Paraulacosphinctes 
transitorius 

Simplisphinetes 

Burckhardticeras 
perom 

Simocera$ admirandum- 
Simolytaeeras biruncinatum 

Richterella richteri 

Haploceras verruciferum 

Virgatosimoceras albertinum 

Hybonoticeras hybonotum 

Hybonoticeras 
beckeri 

Mesosimoceras 
cavouri 

Taramelliceras 

"compsum "' 
(interval zone) 

! Aspidoceras uhlandi 

r Idoceras balderum 
P 
t (horizon) L _ _  

Crussoliceras divisura 

Taramelliceras 
(Metahaploceras) 

strombeeki 

Sumeria platynota 

Early 
Kimmeridgian 

Late 
Oxfordian Idoceras planula 

Microcanthuceras 
Microcanthum 

Parapallasiceras 
ssp. 

Virgatosimoceras 

rothpletzi 

Franconites pseudojubatus [ 

Franconites vimineus 

Subplanites schwertschlageri 

Subplanites moernscheimensis 

Hybonoticeras hybonotum 

Virgataxioceras 
selalum 

Sulneria 
subeumela 

Aspidoceras 
sesquinodosum 

Crussoficeras/ 
Aspidoceras 

sesquinodosum 
(interval zone) 

Crussoliceras 
dioisum 

A taxioceras 
hypselocyelum 

Atamoceras 

(Parataxioceras) 
desmoides 

Enay and Geyssant [511 
Enay et al. [52] 

Southern Europe 

Berriasella (Pseudosubplanites) 
grandis - Berriasella jacobi 

Ourangites 

Microcanthoceras 
microcanthum 

"Micracanthoceras '" 
ponti 

Semiformiceras 
fallauxi 

Semiformieeras 
semiforme 

• 'Neochetoceras" 

darwini 

Hybonoliceras 
hybonotum 

Virgataxioceras 
setatum 

Sumeria 
subeumela 

A ulacostephanus 
(Pseudomutabilis) 

eudoxus 

Aspidoceras 
acanthicum 

Isoceras balderum 
Aspidoceras uhlandi 

Crvssoliceras divisum 

Alaxioceras 
hypselocyclum 

Sumeria 

platynota 
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Tithonian in each section, and fewer in the Upper  
Tithonian at Carcabuey. Samples were trimmed to 
2.5 cm cylinders. 

All measurements were made on a two-axis Sct 
cryogenic magnetometer (noise level = 2 x 10-8 
emu or 2 x 10 - n  A m 2) with on-line computer 
data analysis. The magnetometer and demagneti- 
zation equipment (non-inductively wound furnace 
with separate cooling chamber and single-axis 
Schonsted alternating field demagnetizer) are con- 
tained within a steel-shielded room (internal field 
less than 1000 gammas or 1000 nT). Each sample 
was measured in eight orientations (90 ° rotations 
on z axis and inverted set), and the measurements 
averaged. 

Two dozen samples were selected for pilot stud- 
ies of the magnetic characteristics of the various 
lithologies; these underwent progressive thermal 
demagnetization in 40-50 ° increments or alternat- 
ing field demagnetization at ten steps between 0 
and 50 mT. Based on these pilots, the remaining 
samples were measured at a minimum of 4 selected 

L 

CARCABUEY - 'NRM directions 
N 

i 

+ + + 

demagnetization steps, which varied for each lith- 
ology and outcrop. Magnetic polarity and char- 
acteristic direction of remanent magnetization were 
determined for each sample individually based on 
its behavior during demagnetization. 

4. Magnetic behavior of the lithologies 

The dominant lithology in the two sections is 
grayish pink to light gray pelagic biomicritic lime- 
stone. The magnetic behavior is identical between 
the two sections and between the grayish pink and 
the light gray colorations. N R M  intensities gener- 
ally are within the 5-20 x 10  - 6  e m u / c m  3 (5-20 x 
10 -3 A / m )  range. With rare exception, N R M  
directions before bedding correction were near the 
present field (355 ° declination, 52 ° inclination): 
the Sierra Gorda  N R M  mean is 330 + 30 ° declina- 
tion, 55 + 10 ° inclination; that of Carcabtiey, 15 
+ 15 ° declination, 60 + 10 ° inclination (Fig. 2). 
Both thermal and alternating field (AF) demagne- 

SIERRA GORDA-NRM directions 

N 

/ . ° ÷: " \ 

¢,• ••8. #0 

oqO~ • • • 

@ 
e •  • 

+ + + + 

0 

0 

o oO• -4- 

% %,  o 

5 5 

Fig. 2. N R M  directions of Carcabuey and Sierra Gorda sections; equal area plot, solid symbols are lower hemisphere, open symbols 
are upper hemisphere. 
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Fig. 3. Thermal demagnetization (on left) and alternating field demagnetization (on right) behavior of two specimens of a typical 
Tithonian sample (10.08 m in the Sierra Gorda section). Upper diagram in each set is an equal area plot of the directions during 
demagnetization: solid squares are on lower hemisphere, open squares are on upper hemisphere. The lower left diagram in each set is a 
vector demagnetization diagram: declination (solid dots) is the horizontal component of the demagnetization path; inclination (open 
dots) plots the angle from horizontal and the total intensity of the demagnetization path; one scale division is equal to 10 -6  emu/cm 3 
(10-3 A/m) .  Lower right diagram in each set plots the intensity at each demagnetization step relative to the intensity at NRM. Steps 
for the thermal demagnetization diagrams are in °C, and for the AF demagnetization diagrams in oersteds (units of 10 - ]  mT). 
Directions in all plots are corrected for tilt of bedding. Sample has reversed polarity upon demagnetization. 

tization proved effective in removing the present 
field overprint. Fig. 3 shows some typical demag- 
netization plots. Samples with reversed character- 
istic directions display the reversed direction after 
heating to between 300 ° and 350°C or after AF 
demagnetization above 100 De (10 mT). Stable 
characteristic directions and minimum dispersion 
about antipodal means were attained in the 400 ° 
to 500°C interval or 200-300 De (20-30 mT). At 
450°C, the intensities were generally in the 2-15 x 
10 -7 e m u / c m  3 (2-15 x 10  - 4  A / m )  range with a 
small decrease in the more rapidly deposited 
Tithonian limestones. Above 500°C, the intensities 
fell rapidly, and directions at the 600°C step were 
essentially random. This was also the case upon 
AF demagnetization above 500 De (50 mT) for 
several samples. From this behavior we conclude 

that magnetite is the principal carrier of the char- 
acteristic direction, and that the N R M  is 
dominated by a viscous present field magnetiza- 
tion. For batch demagnetization, the Sierra Gorda 
samples were treated with 100 De (10 mT) then 
progressively demagnetized in 50 ° steps from 100 ° 
to 550°C, the Carcabuey samples were heated in 
50 ° steps from 350 ° to 500°C. 

The uppermost Oxfordian and lower Kim- 
meridgian in the Sierra Gorda section is a light 
tannish gray nodular marly limestone. N R M  in- 
tensities were 10-20 x 10  - 6  e m u / c m  3 (10-20 x 
10 -3 A / m ) ,  and N R M  directions before bedding 
correction centered about 280 ° declination, 50 ° 
inclination (after bedding, 330 ° declination, 45 ° 
inclination) with no indication of a polarity pat- 
tern. Thermal demagnetization was effective in 
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Fig. 4. Thermal demagnetization (right side) and alternating field demagnetization (left side) behavior of two specimens of a typical 
Kimmeridgian sample (6.08 m in the Sierra Gorda section). Diagrams are explained in the caption of Fig, 3. Sample has reversed 
polarity upon demagnetization. 

removing the overprint, and each sample was given 
six thermal steps between 200 ° and 550°C (Fig. 4). 
Above 500°C, there was another sharp drop in 
intensity and a dramatic increase in dispersion. 

The Middle to Upper Oxfordian at Sierra Gorda 
is a light gray nodular marly limestone with a 
yellow or pink tint and the Middle Callovian is a 
yellowish limestone. NRM intensities were mod- 
erately high (5-10 × 10 -5 emu/crn  3 or 10 -2 A/m) ,  
and average NRM directions before bedding cor- 
rection were an unusual 200 ° declination, - 15 ° to 
+20  ° inclination (180 ° declination, 10 ° to 50 ° 
inclination, after bedding correction). Neither 
thermal nor AF demagnetization had any affect 
upon this peculiar direction, even though the in- 
tensities decreased. This Callovian/Oxfordian sec- 
tion was deemed unsatisfactory for magneto- 
stratigraphy. 

As a result of the poor Oxfordian exposure at 

Carcabuey and poor magnetic properties ot the 
rocks below the uppermost Oxfordian at Sierra 
Gorda, polarity zonations were obtained only for 
the uppermost Oxfordian through Tithonian stages. 

5. Magnet.stratigraphy 

The excellent separation of the antipodal direc. 
tions made polarity determination very simple (Fig. 
5). Stratigraphic plots of the characteristic direc- 
tion of magnetization (usually either the 450 ° or 
500°C step) and polarity interpretation for the 
Sierra Gorda and Carcabuey sections are shown in 
Figs. 6 and 7 respectively. Polarity zones on single 
samples are shown in two cases, though the valid- 
ity of such short intervals is open to question. 
Gaps in sampling or intervals within which polar- 
ity is indeterminant are cross-hatched. 
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Fig. 5. Characteristic directions of magnetization for the Carcabuey and Sierra Gorda section: thermal demagnetization 450°C (except 
for a few at 500°C); equal area plot (solid symbols are on lower hemisphere, open symbols are upper hemisphere). 

Intermediate directions were rarely observed. 
The sampling density is such that any polarity 
interval of 100,000 year duration or longer should 
have been recorded by at least two samples. The 
possible minor hiatuses in sedimentation (in- 
dicated in Figs. 6 and 7) may have caused slightly 
longer gaps in the record. We are confident, how- 
ever, that the results of each section reveal all 
polarity episodes greater than 200,000 year dura- 
tion through the Kimmeridgian and Early 
Tithonian. The only exceptions are (1) the lowest 
ammonite zones ( S. Platynota and T. (M.) strom- 
becki) of the Kimmeridgian where the sequence 
appears to be thinner than normal and therefore 
the sample density is sparse relative to the time 
represented, and (2) near the base of the lowest 
Tithonian ammonite zone (H. hybonotum) where 
an erosion surface in each section may have 
eliminated a significant portion of that zone. This 
may explain the slight discrepancy in the fine-scale 
correlation at this time, as discussed below. It is 
noteworthy that nearly all the polarity changes 
occur within beds, not at bedding planes or minor 
hiatuses. 

6. Correlation of polarity intervals 

Fig. 8 shows the biostratigraphic-magnetostrati- 
graphic correlations between the two sections, and 
the correlations to polarity columns from Titho- 
nian-Berriasian sediments of northern Italy [6] and 
to the marine magnetic anomaly "M-sequence" 
[2]. In this correlation diagram, the relatively thin 
Kimmeridgian portion of both Spanish sections 
has been linearly expanded in order to show polar- 
ity intervals more clearly and to better approxi- 
mate the relative duration of the Kimmeridgian 
with respect to the Tithonian for ease in visually 
comparing the polarity patterns to the M-se- 
quence. 

There is a relatively good match between the 
polarity zonations of the two sections. The few 
exceptions are (1) a short normal polarity interval 
at the M. cavouri/H, beckeri ammonite zone 

boundary  (middle Late Kimmeridgian) which is 
recorded at Carcabuey, but lacking in the Sierra 
Gorda section, (2) the reversed polarity interval of 
the R. richteri ammonite zone (middle Early 
Tithonian) which was present in the Sierra Gorda 
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KIMMERIDGIAN - TITHONIAN MAGNETOSTRATIGRAPHY 
Fig. 8. Correlation of the Spanish magnetostratigraphy with the magnetostratigraphy from northern Italy [6] and the M-sequence of 
marine magnetic anomalies [2]. Black is normal polarity; white is reversed. Single sample polarity intervals are represented by a full 
bar, in contrast to Figs. 6 and 7. Solid tie lines are ammonite zone boundaries (uncertainties indicated by a bracket); dot-dash tie lines 
are calpionellid standard zone boundaries or nannofossil events (sudden increase in abundance of Nannoconus colomii); dotted lines 
are the proposed correlation of polarity intervals. For this diagram, the Kimmeridgian portion of each Spanish section has been 
linearly expanded relative to the Tithonian portion (expansion factor of 3.5 for Carcabuey and 2.4 for Sierra Gorda). Meter intervals 
are denoted by the scale on each polarity column. 

section, but absent or not sampled in the 
Carcabuey section (where the R. richteri ammonite 
zone itself has not been identified) and (3) the 
polarity correlation of the T. (M.) strombecki-S. 
platynota-L planula interval at the base of the 
sections. 

The two northern Italian magnetic polarity col-  

umns are " type"  sections used for magnetostrati- 
graphic correlation of pelagic sediment outcrops in 
the Trento Plateau region of the Southern Alps [6]. 
These lack ammonite zonation, so the biostrati- 
graphic correlation is based on microfossils 
( c a l p i o n e l l i d  zones, Saccocoma, Protogloberinae). 
The correlation of the Tithonian (using calpionel- 
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lid zone boundaries for tie lines) between Spain 
and northern Italy is fairly good. The correlation 
in the Kimmeridgian is less reliable, probably be- 
cause of less continuous sedimentation in the 
Italian sections (as indicated by rapid changes in 
facies [27]). A particular problem is that the basal 
Tithonian in the Spanish sections has a short 
normal polarity interval, whereas the Italian sec- 
tion and M-sequence (normal interval between 
M-22 and M-23) has a much longer zone of nor- 
mal polarity split by a short reversed event (though 
this was often lacking in other sections of the 
Trento Plateau region [6]). Hiatuses in the Spanish 
sections may have omitted much of this normal 
polarity zone. 

The proposed correlation to the marine mag- 
netic anomaly M-sequence is based on the com- 
bined Spanish and Italian data. It is important to 
note that the M-sequence is a model drawn assum- 
ing a constant spreading rate in the Pacific [2] and 
the Spanish sections are drawn on stratigraphic 
scales with only a linear change of scale to par- 
tially adjust the thickness of the Kimmeridgian 
portion of the section to the Tithonian portion. 
The correlation to M-17 through M-22 is uniquely 
determined by the patterns of long and short 
polarity intervals. The pattern of the M-sequence 
between M-22 and M-25 lacks a distinctive 
"fingerprint", therefore the correlation for the 
Kimmeridgian is based in part by counting down- 
wards the major normal and reversed polarity 
intervals below M-22. The long normal interval 
between M-22 and M-23 correlates to the shorter 
normal interval at the base of the Tithonian in the 
Spanish sections. The predominantly reversed 
polarity of the M-23 and M-24 interval is matched 
by a similar zone in the Spanish sections with the 
normal intervals between M-23 and M-24 corre- 
sponding to the relatively long normal in the T. 
compsum zone. A problem arises between M-24 
and M-25 which Larson and Hilde [2] modeled as 
alternating short normal and reversed polarity in- 
tervals. The T. (M.) strombecki-S, platynota am- 
monite zones in both land sections include a fairly 
large reversed interval. This discrepancy may be 
the result of the extreme thinness of the S. platynota 
ammonite zone here and the resulting relatively 
low density of samples per unit of time. It is also 

possible that the width of the reversed episodes 
between M-24 and M-25 may have been modeled 
too narrowly. We suggest that M-25 corresponds 
to a reversed polarity zone crossing or slightly 
below the Oxfordian/Kimmeridgian boundary; 
there will remain some uncertainty until the mag- 
netostratigraphy of the Late Oxfordian is known. 
Detailed analysis of two expanded sections of the 
T. (M.) strombecki-S, platynota-L planula interval 
are underway. 

7. Discussion 

7.1. Jurassic/Cretaceous boundary 

The magnetic polarity pattern presented here is 
from rocks which have a well-developed Kim- 
meridgian/Tithonian ammonite zonation. This 
zonation has been developed by Oloriz and Tavera 
[28-34]. The correlation to other biostratigraphic 
zonation schemes is presented in Table 1; this will 
no doubt be refined in future years by using the 
magnetic polarity scale as a common standard. 

There is one point on which the Oloriz-Tavera 
zonation scheme differs from some other time 
scales, namely in the placement of the Jurassic/  
Cretaceous (Ti thonian/Berr ias ian)  boundary.  
Oloriz and Tavera [33], following the decision of 
the 1973 Colloque [41], place the Jurassic/  
Cretaceous boundary at the base of a combined B. 
(P.) grandis-B, jacobi ammonite zone; this 
boundary, which is the time of greatest change in 
the Tithonian ammonite assemblages, thus coin- 
cides with the Calpionellid Zone A to B transition. 
Other schemes place the boundary between sep- 
arate B. (P.) grandis and B. jacobi ammonite zones 
(e.g. Allemann et al. [42] in their biostratigraphic 
study of the Berriasian of the eastern Subbetic). 
This alternate boundary falls near the middle of 
Calpionellid Zone B [43,44] and is similar to the 
definition of the base of the Berriasian stage in 
France [45]. Because the Tithonian stage does not 
have a type section, the Tithonian/Berriasian 
boundary has been a topic of considerable debate 
among paleontologists (e.g. [41,45] and the inter- 
national colloquium in Budapest in 1984). The 
sudden abundance of the nannofossil Nannoconus 



colomii appears to coincide with the top of the B. 
jacobi ammonite zone, and this nannofossil event 
was proposed by Thierstein [46] as a more useful 
global definition of the Cretaceous/Jurassic  
boundary. This nannofossil-defined boundary was 
used for the northern Italian sections shown in 
Fig. 8 ([6]; see discussion in [7]). Eventually, a 
more detailed magnetic polarity time scale will 
provide the most precise global definition of the 
boundary [23]. 

7.2. Precision of the magnetic time scale 

The biostratigraphic correlation to the magnetic 
polarity intervals has two main sources of un- 

certainty. The first is a relative uncertainty in 
placement of the ammonite zone boundaries caused 
both by the fossil record of the evolution of the 
species and especially by the identification of as- 
semblages within each bed. By necessity, such an 
assemblage is obtained from the average of several 
centimeters. The uncertainty is shown in Figs. 6 
and 7 by brackets at the ends of the correlation 
lines. The second source of imprecision is the 
small delay in the setting of magnetization within 
the sediment. Magnetization carried by magnetite 
is thought to be fixed during early dewatering of 
the sediment [47]. The time lag between the setting 
of the magnetic polarity zones to the deposition of 
the ammonite zones is probably an insignificant 
fraction of the time represented by an ammonite 

TABLE 2 

Summary of magnetization results 
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zone (perhaps up to 10% in the Kimmeridgian). 
Probably, when a polarity sequence is determined 
for a Kimmeridgian section with rapid sedimenta- 
tion, the assignment of polarity boundaries will 
move upward very slightly relative to the biostrati- 
graphic boundaries. 

7.3. Mean directions 

The low dispersion of the antipodal characteris- 
tic directions and the large sample sets allowed 
determination of very precise mean directions of 
magnetization (Table 2). Means were calculated 
with and without points lying two standard devia- 
tions away from the mean. These were quite simi- 
lar and Table 2 reports the selected data. Because 
of the abundant faulting and thrusting within the 
Subbetic, the different rotations of the regions 
since the end of the Jurassic are interesting, but 
have no significance for the motion of the Iberian 
plate or Subbetic block at all. The average paleo- 
latitude of the region during the Late Jurassic is 
about 20°N. There is a noticeable difference be- 
tween the mean Kimmeridgian and Tithonian di- 
rections in each section. At first glance, one might 
think that this suggests northward motion of the 
Subbetic block between these times, or a clockwise 
rotation. However, it is apparent that the dif- 
ference between the Kimmeridgian and Tithonian 
in each case is a difference between the mean 
normal and reversed directions. The validity of 

D (o) I (o) N K a95 (o) Paleo- Paleo- Dp Dm 
latitude longitude 

Sierra Gorda 
Normal 327.1 33.2 41 55.57 3.02 118.6°W 55.4°N 1.95 3.43 
Reversed 140.4 - 27.6 56 30.20 3.52 116.4°W 48.3°N 2.09 3.84 
Mean 323.2 30.0 97 34.66 2.47 l17.1°W 51.3°N 1.52 2.74 
Tithonian 324.4 32.5 43 79.49 2.46 116.3°W 53.2°N 1.57 2.78 
Kimmeridgian 322.2 27.9 54 24.60 3.98 117.6°W 49.8°N 2.38 4.36 

Carcabuey 
Normal 32.3 41.7 48 150.78 1.68 102.4°E 59.4°N 1.26 2.06 
Reversed 201.6 - 35.2 57 68.60 2.29 123.5°E 63.9°N 1.53 2.64 
Mean 26.3 38.3 105 66.42 1.70 113.4°E 62.3°N 1.20 2.02 
Tithonian 30.4 41.6 48 160.09 1.63 104.5°E 60.7°N 1.22 1.99 
Kimmeridgian 23.0 35.5 57 56.32 2.53 121.0°E 63.1°N 1.69 2.93 
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this has been further substantiated by calculating 
the mean of  normal  and reversed data f rom indi- 
vidual stages. Whether  this difference between 
normal  and reversed means is the result of  incom- 
plete cleaning or asymmetry  in the normal  and 
reversed field is unclear, however it is in the sense 
that  would be expected from incomplete cleaning 
of  present-day overprint. These results indicate 
that a computed pole with low error limits does 
not  necessarily imply that that pole is accurate; it 
is impor tant  to evaluate the normal  and reversed 
directions independently.  

8. Conclusions 

A magnetic polari ty pat tern for the Kim- 
meridgian and Ti thonian has been duplicated in 
two pelagic sediment sections having precise am- 
moni te  zonation. The polari ty pat tern shows excel- 
lent correlation to the magnetostra t igraphy of  
Ti thonian pelagic limestone sections of  nor thern 
Italy. Correlat ion to the marine magnetic anomaly 
M-sequence allows assignment of  biostratigraphic 
ages to anomalies M-17 through M-24 and an 
approximate  age to M-25. The Jurass ic /Cre ta -  
ceous boundary  as defined by the 1973 Colloque 
[41] occurs in the middle of  the normal  polari ty 
interval between M-19 and M-18; the L a t e / E a r l y  
Ti thonian boundary  is at the end of  M-20; the 
T i thon ian /Kimmer idg i an  boundary  is in the latest 
par t  of  M-23; the L a t e / E a r l y  Kimmeridgian 
boundary  is in the middle of  the younger  half  of  
M-24; and the K immer idg i an /Oxfo rd i an  bound-  
ary is either within or slightly younger  than M-25. 
Fur ther  subdivision by individual ammoni te  zones 
is d iagrammed in Fig. 8. These sections thus pro- 
vide a precise dating for the K immer idg i an /  
Ti thonian port ion of  the magnetic polari ty time 
scale. 
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