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Abstract 

To try to clarify the question of temporal changes in phosphogenesis, and whether 

they reflect variations in ocean circulation or continenta1 weathering, we examined the 

evolution of Tethyan phosphogenesis during the Cretaceous-Eocene. 26 time-stratigraphic 

phosphorite horizons in the Negev and others sites in Tethys margins, covering a time sca1e 

of about 90 Ma from the Hauterivian to the middle Eocene, were analyzed for their Sr, Ca, 

and Nd isotopic compositions in the carbonate fluorapatite (CFA) phase. P and Ca 

accumulation rates and rates of bulk sedimentation were also quantified along the middle 

Cretaceous-Eocene sequence of the Negev to examine changes between isotopic 

compositions and intensity of Tethyan phosphogenesis. To constrain nutrient recycling by 

marine circulation, TOC (wt%), C:N:P(org) ratios, 813C(org), and 815N(org) were also measured 

a10ng the Coniacian-Eocene interval of the Negev and in the Campanian phosphate section 

ofEgypt. 

Severa1 points emerge from the results: 1) A similar tend exists in the distribution of 

844Ca and ENd(7) in the ana1yzed time-interva1; 2) 844Ca and ENd(7) steeply rise after the 

Cenomanian-Turonian, reaching some ofthe highest va1ues in the upper Campanian; 3) 

distinct ENd(7) values are shown by the phosphorites of the Negev and Egypt during the 

Campanian, and by the phosphorites of the Negev and North Africa during the 

Maastrichtian-Eocene; 4) the 844Ca and ENd(7) peaks during the upper Campanian in the 

Negev coincide with a peak in rates of P accumulation and a low in rates of Ca 

accumulation and bulk sedimentation; 5) The evolutions of Sr isotopes and of Ca-Nd 

isotopes are in genera1 decoupled; 6) TOC, C:N(org), C:p(org), 813C and 815N generally co­

vary in the upper-Coniacian-middle Eocene phosphogenic interva1 of the Negev. 

The genera1 co-variance between ENd(7) , 844Ca, TOC, 813C 815N, and P accumulation 

rates in the middle Cretaceous-Eocene of the Negev suggests pa1eogeographic and 

oceanographic controls in phosphorite accumulation. The steep ENd(7) rise following the 

upper Cenomanian points to increased Pacific water masses incursion into Tethys, driven 

by the Late Cretaceous global sea level rise and increased water circulation. It a1so reflects 

a weakening of the continenta1 Nd signa1 as a result of the increasing flooding. 844Ca also 

rising at these times similarly points to a decrease in weathering Ca+2 fluxes and expansion 

of carbonate sedimentation areas in the flooded shelves. The rise of P accumulation in 
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Campanian times also reflects the combined effect of sea level highstands and plate­

tectonics both inducing favorable atmospheric and ocean circulation through the Tethys 

seaway. The low ~13C and ~15N in the Campanian-Maastrichtian organic fraction ofthe 

Negev reflect sustained coastal upwelling of P-rich waters in the mainly eastem Tethys, 

resulting from the increased vertical marine circulation in this area. The overall decoupling 

between the geochemical evolution of Sr isotopes and Ca-Nd isotopes during the studied 

time-interval suggests little direct relationship between continental weathering and rates of 

phosphogenesis. The distinct ENd(1) values between the Middle East phosphorites and the 

North Africa phosphorites suggest different oceanic P sources for the two phosphorites. 
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1. Introduction 

Phosphorus (P), carbon (C) nitrogen (N) and potassium (K) are all nutrient elements 

indispensable for plant growth and animallife. By contrast to C, N and K which are 

virtually of unlimited availability in nature (atmosphere and seawater, respectively), P is far 

more restricted in nature and is available only via the exploitation of geological phosphate 

rocks (phosphorites). Apart from being the prime source of P for phosphate fertilizer 

phosphorites are also of high scientific interest as they provide כ,industry (main use of P 

valuable information on the ecology and chemistry of the world's past ocean. As limiting 

nutrient of living systems, P governs oceanic productivity on Earth as well as the rate of 

C02 removal from the atmosphere and the rate of marine denitrification. This links the P 

,) 1997 , cycle to the carbon (C) and nitrogen (N) cycles (Mackenzie et al., 1993; Schlesinger 

, regulating by this way Earth's climate and atmospheric oxygen (Van Cappellen and Ingall 

1996) and N levels over geological time scales (Falkowski, 1997; Tyrrell, 1999). The 

source of long term P supply to the ocean reservoir is continental weathering of 

sedimentary and igneous rocks. Once extracted by planktonic organisms from the photic 

zone of the oceans, P is transferred to sea bottom as part of sedimentary organic matter 

OM), and a fraction of it may be fixed as authigenic carbonate fluorapatite (CFA) in ( 

.) 1990 , bottom sediments during suboxic degradation of OM (Froelich et al., 1978; Glenn 

Large phosphate deposits (phosphorite "giants") were formed at several time-intervals of 

the Phanerozoic as a result of intensive P accumulation (Glenn et al., 1994). Today, marine 

phosphate formation is restricted to a few sites in continental margins (off Peru/Chile, Baj a 

California, Namibia,) all associated with intensive coastal upwelling and high productivity 

A fundamental question is the meaning of these secular variations in P accumulation 

) e.g., Baturin et al., 1995). Do or do they not reflect extraordinary (time-bound ( 

oceanographic conditions with accelerated P delivery from the oceanic reservoir? More 

specifically are global P burial rates constant over geological times or do they show strong 

deviations at certain periods of Earth history? Cook and McElhinny (1979) following 

Sheldon (1964) linked variations in phosphogenesis to global changes in paleogeography 

and paleoceanography in relation with plate tectonic. For phosphogenesis to start, the 

continents had to be in low latitudes and seaways had to be wide enough to allow strong 

intensive oceanic circulation and upwelling (see Parrish and Curtis, 1982). As in modern 

situations (e.g., Hay, 1995), these strong upwelling-times will supply nutrient-rich waters to 

'" 
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continental margins, thus intensifying productivity and P transfer to sea bottom. Indeed, 

many major phosphate occurrences in the geological past are associated with positive SI3C 

shifts indicating increased carbon burial (e.g., Compton et al., 1993). Many used this model 

to explain phosphogenesis in past times, e.g., McKelvey et al. (1959) for the Permian 

Phosphoria Formation, Cheney et al. (1979) for the Miocene Sechura phosphorites, 

Kolodny (1980) and Bein et al. (1990) for the Late Cretaceous Negev phosphorites, and 

Garrison et al. (1990) for the Miocene Monterey phosphorites. 

Yet, a quite different approach has evolved during the last few years. Central to this 

approach is the view that no "abnormal" oceanographic conditions are required to produce 

the huge P accumulation of past times, P burial rates via authigenic CF A formation are 

rather constant over geological timescales, and continental weathering may directly control 

rates ofphosphogenesis in shelves (Barron and Frakes, 1990; Glenn and Arthur, 1990; 

Delaney and Filippelli, 1994; Filippelli and Delaney, 1994). Reviving earlier views 

(Bushinski, 1966), Ruttenberg and Berner (1993) claimed that the episodicity of past P 

accumulations are more a reflection of appropriate depositional settings than the result of 

increased P removal from the ocean reservoir. In this scenario, phosphate formation in 

continental margins is mainly via riverine P supply and does not necessarily requires 

upwelling or high productivity, and the ocean is essentially in steady state with respect to P 

fluxes (inputs = outputs). 

We use the mid-Cretaceous-Eocene ofthe Negev (southern Israel) and of other 

areas in Tethys margins as a selected time window to explore this controversy. Two 

successive contrasting sediment-systems accumulated during this period in the Negev (Fig. 

1) and in neighboring Middle East countries (Lewy, 1990). The Barremian - Coniacian 

consists mainly of platform carbonates. The upper Coniacian - middle Eocene is a 

phosphate-bearing chert -chalk system associated with a major phosphogenic episode which 

produced massive phosphorite deposits along the southern Tethys margins (Egypt, Middle­

East and North Africa). We 1) quantify the rates ofP accumulation over the Cretaceous­

Eocene succession of the Negev, and 2) examine how their variations in time are reflected 

in temporal changes of chemical parameters proxies for continental weathering, ocean 

circulation, and nutrient recycling. 

-> 
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2. Methodology 

In addition to conventional analytical techniques, such as XRD, FfIR, wet 

chemistry, optical petrography, and SEM (with EDAX-coupled) examinations, various 

isotopic measurements were used to constrain the controls of P accumulation over the 

studied sequence. 

2.1. Sr isotopic analysis 

Determination of the variations in P accumulation rates along the upper 

Cretaceous-Eocene Tethyan sequence (one of the major goals of this research) requires a 

good stratigraphic control. The use of 87 Sr/86Sr of past seawater is a potential tool for dating 

and correlating of marine sequences. Since the reference curve of Burke et al. (1982), this 

dating technique was refined. Most accuracy in Sr isotope stratigraphy was reached for the 

Cenozoic (Hoddel et al. 1991, DePaolo and Finger, 1991), although some progress was also 

.) 1994 ,. made in refining the Late Cretaceous marine Sr isotope curve (e.g., McArthur et al 

6Sr ratio in francolite was also used to date phosphogenesis (McArthur et 8ןThe 87 Sr 

cture, either in skeletal tזu al., 1990; Riggs et al., 1997). Sr+2 replaces Ca+2 in the apatite s 

hydroxyapatite (during biological growth), or in the CFA phase during its precipitation in 

bottom sediments. The high Sr+2 content in CFA (- 2500 /lg.g-I) makes it particularly 

suitable to measure the isotopic Sr. Besides, studies of CFA forming today show that their 

87Sr/86Sr composition is very close or identical to that ofpresent-day seawater, showing that 

,. the seawater Sr-isotopic signal is essentially preserved in the formed CFA (see Jarvis et al 

1994). In the present research, the 87Sr/86Sr ratio was measured in CFA levels over the 

Cretaceous-Eocene succession. This, in order to enable detailed quantification of 

accumulation P rates over the studied sequence, and also to try to try to draw inter-regional 

correlations between Tethyan phosphate episodes In addition, the determined numerical Sr 

. ages allow us to calculate the initial Nd isotope composition of the CFA samples 

2.2. Nd isotopic analysis 

d ratios were measured on the same set of CF A samples that were 143»אNdll 

analyzed for Sr isotopes. Nd+3 replaces Ca+2 in apatite during early diagenesis (while the 

pore fluids are stil1 in direct communication with seawater), either during CFA precipitation 

or during post mortem incorporation of Nd+3 in skeletal hydroxyapatite. The rational for 

tI 
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measuring the Nd-isotopic ratio is to try to detect variations in ocean circulation and 

continental weathering over the studied time interval (e.g., Keto and Jacobsen, 1988; Stille, 

1992). Due to the short residence time of Nd in seawater (102-103 years) the oceans are not 

isotopically homogenous with respect to Nd, allowing to reveal mixing of oceanic water 

masses of different Nd isotope compositions (e.g., Piepgras and Wasserburg, 1980). In 

addition, the extremely low concentration of Nd in marine pore fluids together with its low 

geochemical mobility caused by its high particle reactivity (Martin and Scher, 2004), both 

make Nd quite resistant to diagenetic alteration, allowing the preservation of seawater Nd 

isotopic compositions. 

2.3. Ca isotopic measurements. 

44Cat2Ca isotopic ratios were measured in many ofthe CFA samples analyzed for 

87Sr/86Sr and 143Nd/l44Nd ratios. Analysis ofbiological carbonates (Skuklan et al., 1997; 

Zhu and MacDougall, 1998) together with laboratory experiments (Nagler et al., 2000) 

indicate that biological fixation of Ca +2 discriminates against heavy isotopes, and that this 

process plays an important role in regulating the isotopic composition of marine Ca. On the 

other hand, weathering of carbonate rocks will supply to the oceans riverine Ca+2 enriched 

with the lighter isotope. In addition, Ca is a major component of CFA (- 30% in weight). 

Such a high Ca concentration in CF A would minimize the effect of isotopic exchange in 

pore waters and would tend to preserve the Ca isotopic composition during diagenesis. 

Thus, analyzing the Ca-isotopic compositions may help us to detect deviations in the 

seawater Ca isotopic composition, and by this way to reveal temporal imbalances between 

continental weathering and carbonate sedimentation fluxes (De La Rocha and DePaolo, 

2000) caused by migrating continents-oceans margins. 

2.4. TOC (%), C:N:P(org) atomic ratios, ~13C(org) , ~15N(org). 

To constrain regeneration of nutrients in bottom sediments and their recycling to the 

euphotic surface water by marine vertical circulation (e.g., Rau et al., 1987; Jenkyns et al., 

2001; Murphy et al., 2000), TOC (%), C:N:P(org) ratios, ~13C(org) , and ~15N(org) were 

measured throughout the upper Coniacian-middle Eocene succession of the Negev and in 

the upper Campanian phosphate section of Egypt (Duwy Fm.). In addition, ~13C(org) might 

provide useful information on changes in pC02 and productivity along the studied time-
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interval (e.g., Dean et al., 1986; Hayes et al., 1999), while C:p(org) could help us to better 

understand the diagenetic fate of P and the conditions of its retention in marine sediments 

(e.g., Ingall and et al., 1993; Van Cappellen and Ingall, 1996; Filippelli, 2001; Slomp et al., 

2004). 

~ 

2.5. P and Ca accumulation rates and sedimentation rates 

To link changes in isotopic compositions with changes in intensity of Tethyan 

phosphogenesis, P and Ca accumulation rates and sedimentation rates were quantified over 

the Cretaceous-Eocene of the Negev. The quantified rates allow us to examine how their 

variations through time are reflected in the isotopic values of the various elements 

measured along the sequence. 

3. Material source 

: The material analyzed is from two different sources 

: 1) Drillhole (core!cuttings) material from Negev sections 

M7 and M13 drillcores (Yarkoni 1982, 1985) ofthe Mediterranean-Dead Sea -

. hydroelectric project: Taqiye (paleocene) and Mor - Paran (Eocene) Formations, respectively 

Har Nishpe S5 drillcore (Soudry and Eyal, 1994) and Pama B124 drillcore (Mishor -

.) Rotem): Ghareb Formation (Maastrichtian 

Har Nishpe S1 and B17 drillcores (Soudry and Eyal, 1994): Phosphate Member, Mishash -

.) Formation (upper Campanian 

ZS28 zin core (Bein et al., 1990b, Almogi et al., 1993): Menuha Formation (upper -

.) Coniacian - Lower Santonian 

We used the drillhole material for the elemental geochemistry of stratigraphic intervals 

(bu1k samples), for the analysis ofCorg, Norg, and Porg in the organic fraction (OM), and also to 

. 6Sr, 143Ndll44Nd, and 44Cat2Ca isotope ratios 8ןextract CFA fractions for the measurement of 87Sr 

2) Outcrop material: mainly phosphate samples in intervals for which no drillhole material 

was available. The phosphate samples were collected from field outcrops, trenches, cut roads, and 

. CFA מiopen pits and were used for of measurement of Sr, Nd, and Ca isotopes 

In addition, phosphate samples (drillcoreloutcrop material) from other areas in continental 

: Tethys margins (Fig. 2 ) were obtained from the following sections 

., 

 ן,.
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- The Maastrichtian -Ypresian phosphate-bearing suite of the Ganntour deposit, Morocco 

(Prevot, 1988). 

- The Duwy Formation (upper Campanian), Egypt (Glenn and Arthur, 1990). 

- The Amman Formation (upper Campanian), Jordan (Jallad et al., 1989). 

- The Sawwaneh Formation (upper Campanian), Syria (Al-Maleh and Mouty, 1994). 

- The Mazidagi-Mardin Formation (Coniacian - Santonian), Turkey (Lucas et al., 1979). 

- The Vigla Formation (Coniacian - Santonian), Ionian zone, Greece (pomini-

Papaioannou, 2001). 

- The "blue marls" (Aptian - Albian) ofthe Vocontian Basin, SE France 

(Breheret, 1988). 

- The Schrattenkalk Formation (Barremian to lowermost Aptian), Helvetic Alps 

(Follmi, 1989). 

In total, 94 phosphate samples covering a time-span of about 90 Ma over the 

Cretaceous-Eocene in the continental margins of the Tethys (including a few Cretaceous 

samples from connected marine provinces) were collected for isotopic measurements in 

CFA (Table 1). In addition, 104 samples from the upper Coniacian-Eocene of the Negev 

and s'ome 10 samples from the Campanian ofEgypt were analyzed for TOC (wt%), Corg 

and Norg (wt%) and 813Corg and 815Norg (%0). Ofthe Negev samples, 36 were also analyzed 

for Porg (wt %). 

.... 

4. Analytical procedure 

4.1. Sample preparation 

Separation of the CF A fraction for isotopic analysis was done by two different 

procedures. In friable samples, phosphate pellets were selectively hand-picked under 

m-sized P-rich fraction ofthe sample after wet-sieving and גf150-290 microscope from the 

oven-drying. In some of these samples, skeletal and pelletal CF A fractions were 

microscopically separated for selective isotopic analysis of each fraction. In cemented non 

dolomitic samples, the total CFA fraction was separated by selective dissolution ofthe 

. m size גf72 calcite fraction with tri-ammonium citrate (T AC), after crushing the sample to 

In case of phosphorite with dolomite, the sample was heated at 7000 C for one hour, washed 

with deionized water to remove the free MgO and CaO, then treated with T AC to remove 

. any CaC03 still remaining in the sample 
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4.2. Elemental geochemistry 

Samples were analyzed by two different procedures: 

- bulk samples of stratigraphic intervals were analyzed after sintering the total 

sample with sodium peroxide (0.5 g sample was mixed with 2 g of Na202 then heated to 

5500 C for 30 min.), then the resulting sinter was dissolved in 25 ml 5M HCl and made up 

to 100 ml .. 

- Separated CFA fractions (samples in which the carbonate fraction was removed) 

designed for Sr, Nd, and Ca isotope analysis were dissolved in 1/3 HN03 and chemically 

anal yzed. The chemical anal ysis of the separated (carbonate-free) CF A fractions was to 

ensure that the totality of carbonate was removed, to determine the concentrations of Sr, 

Mn and Fe, (indicators of weathering), the concentrations of Nd and Sm (the latter for 

calculation of 8Nd at initial time T), and the concentrations of U and REEs (the later to 

calculate various REE ratios also sensible to alteration - see below). 

Measurement ofmajor and minors elements is by ICP-AES (JY-48, Jobin Yvon) 

and trace elements and rare earth elements (REEs) by ICP-MS (Elan 6000, PE-SCIEX). 

Fluorine (F) contents of the phosphorite samples were determined by a potentiometric 

method, using a fluoride ion-selective electrode, following the method ofEdmond (1969) 

(see Soudry and Nathan, 2001 for a detailed description of the analytical procedure). 

Determination of the oxidation state of U (this was done in various phosphorite 

samples of the Negev) was performed after the separation of U(IV) following the method of 

Clarke and Altschuller (1958) (see also Soudry et al., 2002 for a complete description ofthe 

procedure) . 

All the wet chemical analyses were performed at the Israel Geological Survey. 

4.3. XRD, FTIR and SEM 

Powder X-ray diffraction was run on a Philips diffratometer (PW 3020) with a 

curved graphite monochromator (Cu radiation). The structural C02 in CFA (wt. %) was 

determined by the Gulbrandsen (1970) X-ray diffraction method, measuring the ~2(} 

spacing between the (004) and (410) reflections and using a scan rate of 0.06 () /min. The 

absolute accuracy of C02 content by this technique is :t 15 wt. % while the precision is 

better than :t 5 %. 
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Fourier transform infrared (FfIR) spectroscopy was used for ana1ysis ofthe CFA 

phase (this was done only on Negev samples). Two pressed pellets were prepared for each 

bulk phosphorite or separated CFA sample: a 'concentrated' pellet (5 mg sample in 150 mg 

KBr) and a 'regular' pellet (Img sample in 150 mg KBr). The pellets were then heated to 

1500 C and repressed without grinding to expel adsorbed water and obtain better 

spectroscopic spectra. 

Optica1 and scanning electron microscopy (SEM) together with energy dispersa1 

spectrometry (EDS) were used to examine the ultrastructure and the micro-chemistry of the 

CFA samples. The microscopic ana1yses and XRD were performed at the Israel Geological 

Survey, and FfIR spectroscopy at the Open University (Ramat Aviv). 

4.4. Isotopic geochemistry 

4.4.1. Checking weathering 

Prior to isotopic ana1ysis we checked for possible weathering of the CFA samples 

from their structural CO2 content, their SrlP and CaIP ratios, and from the (LalSm)N and 

(SmIYb)N ratios of their REEs and the Ce/Ce* anoma1y. Norma1isation (N) was to the 

NASC composition (Gromet et a1., 1984). 

As our CFA are not exclusively skeleta1 apatites, we used a much higher (LalSm)N 

threshold than that considered (0.3) by Reynard et a1. (1999), and decided that (LalSm)N 

lower than 1.0 as indicates possible weathering. SmlYbN ratios above 3 were a1so 

considered as indicating a1teration (cf. Lecuyer et a1., 2004). 

Ce (Ce/Ce*) anoma1y is defined as Ceanom = Log 3CeN/(2LaN+NdN) (de Baar et a1., 

1985). 

4.4.2. Sr and Nd isotope analytical procedure 

The 87Sr/86Sr and 143Nd/l44Nd isotopic ratios in CFA was measured at the University 

of Hawaii. 100 mg of the powdered decalcified CF A sample was processed with 5 mL of 

glacia1 acetic acid for partia1 dissolution of CFA and the acetic acid leachate was 

L of quartz-distilled 6M HCl, then taken to גf500 -centrifuged, dried, then redissolved in 

dryness and weighted. The Sr, Rb, and bulk REEs were separated using calibrated 2 N and 

4N HCl as eluents through a Bio-Rad AG50W-X8 (100-200 mesh) ion-exchange resin in 

quartz microcolumns. The Sm and Nd were then separated from the REE fraction on quartz 
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2-( columns following the methods of Mahoney et al. (1991) using a-HIBA 

Hydroxyisobutyric acid) as eluent, and Bio-Rad AG50W-X8 (200-400 mesh) as ion 

exchange resin. After dissolution of the various separated dried fractions in 2M HCl, Sr was 

measured using W filament, and Rb, Sm, and Nd using Ta filament. Both Sr and Nd blanks 

at the time of analysis were less than 20 picograms. gr- I. Sr and Nd isotopes were measured 

on a VG Sector Multi-collector Mass Spectrometer. The ratio 86Sr/88Sr = 0.1194 was used 

15 for isotopic fractionation correction. The samples were run for at least 300 ratios or 

blocks for each (Sr or Nd) element. Data were reported relative to 87 Sr/86Sr = 0.710248 :t 

0.000009 0.000018 for the NBS 987 Sr standard, and relative to 143Nd/l44Nd = 0.511847 :t 

. for the La Jolla Nd standard 

: The measured 143Nd/l44Nd were then converted to 

, 104 ENd(7) = {[(143Nd/l44Nd) sample(7) / (143Nd/l44Nd)CHUR(7)] - 1]} X 

T = initial time of the samples; CHUR = Chondritic uniform reservoir. (T) was obtained 

either from Sr isotopic measurements (see below), and where these are lacking T was 

estimated from the stratigraphic positions of the CF A samples in the time scales of 

.) 1995 ( . Gradstein et al. (1995) and Berggren et al 

The initial 143Nd/l44Nd of the sample (at time T) and that of CHUR(T) were 

: calculated as follows 

.]) -1 143Nd/l44Nd)sample(7) = (143Nd/l44Nd)sample(IOday) - 147Sm/144Nd)sample(today).(eXp(AsmT) ( 

- 143Nd/l44Nd)CHUR(7) = (143Nd/l44Nd)CHUR(IOday) 1- כ[. (147 Sm/I44Nd)CHUR(IOday).( eXp(AsmT) ( 

. Asm) is the rate of radioactive decay of 147Sm to 143Nd = 6.54 x l0-12.yr-l ( 

= Common used values for CHUR (today) are: 143Nd/l44Nd = 0.512638; 147Sm/144Nd 

.) 1980 , 0.1967 (Jacobsen and Wasserburg 

4.4.3. Ca isotope analysis 

The 44Caf2Ca ratio in CF A was measured at the Geological Survey of Israel. 20 mg 

of powdered decalcified CF A samples was dissolved in 2mL of 1.3M HCl, and a aliquot of 

0.1-0.2 m1 was put into a column (DOWEX 50W x 8 resin, 100-200 mesh) previously 

preconditioned by the same acid. Elution of Ca was made by 6M HCl. The solution was 

then dried and the precipitate dissolved in 8mL of O.IM HN03. Ca isotopes were measured 

by using a multi-collector ICP-MS (Nu Instruments, Wrexham, UK). In contrast to TIMS 

(thermal-ionisation mass spectrometer), 40Ca cannot be measured using this new technique 

~ 
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because it is overlapped by 40 Ar. Therefore, we used 42Ca and 44Ca isotopes which were 

measured simultaneously as described in Halicz et al. (1999), using the standard-sample­

standard bracketing technique. NIST SRM 915a was used as standard for calculation of 

844Ca. A final 44Caf2Ca ratio comprises the acquisition of 3 data runs, each of 3 blocks of 

10 ratio measurements (i.e., 90 ratio measurements). The long term external precision of 

844Ca (20') was 0.1 %0. 

4.4.4. C(org) and N(org) isotope analysis 

Because of problems of reproducibility of 815N results when online N2 and C02 

extraction technique was used, two different procedures were used for the analysis of 813C 

and 815N (these analyses were performed at the University of Hawaii). Both measurements 

were made on the separated OM-rich IR fraction ofthe samples (after lIHN03 attack). 

a) To determine 813C, an automated online combustion system was used - a Carlo 

Erba NC2500 Elemental Analyzer interfaced via a Finnigan ConFloII to a Finnigan DelaS 

mass spectrometer. Samples and standards were weighted out using a 6-place microbalance 

and loaded into the EA autosampler, then the sample was flash-combusted (1800° C) 

amidst a carrier flow of He. The resultant gases were subsequently passed through the 

oxidation tube maintained at 1150° C, through a reduction column and in a tA" x 2 m gas 

chromatographic column where C02 is separated. The separated CO2 was then analyzed in 

a Finnigan mass spectrometer. External precision for elemental C composition is 2 % or 

better, and 0.12 %0 or better for 13C/12C values (versus VDP). 

b) To determine 815N Dumas Combustion offline was used. Samples were weighted 

out (target 10-20 ~mole of N2) into a 9 mm vycor tube, adding approximately 1 gr of CuO 

wire and an appropriate amount of Cu wire, and attaching the tube to a vacuum line to 

remove atmosphere. Once flame-sealed, the tubes were put in a small furnace, heated to 

850° C for 6 hrs and slowly cooled to room temperature. Then, the tubes were attached to a 

vacuum distillation line where N2 was isolated. Collected N2 gas was then analyzed via dual 

inlet in a Finnigan MAT 252 IRMS. External precision for elemental N composition was 

1 % or better, and 0.11 %0 for 15N/14N values (versus air). 
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4.5. ~{Qrg} analysis 

The bulk phosphorite samples were dissolved in HCl 1:3 to dissolve all inorganic 

carbonate and phosphate. To 0.4 gr ofthe insoluble residue was added 10 mL. concentrate 

HN03, left ovemight and then heated to 1700 C. Some new HN03 was added each 8 hrs 

until the solution was clear (all together ca 40 hrs). Then 10 mL of concentrate HCI04 was 

added until white solution occur (around 36 hrs). The solution was then transferred to 50 or 

100 mL volumetric flasks, and Porg spectrometrically measured in the solution using acidic 

Malachite Green reagent (650 nm, 120 mn). p(org) analysis was done in the Faculty of 

Agriculture, the Hebrew University, Rehovot (Dr. Moshe Shenkar Laboratory). Sample 

preparation was done at the Geological Survey of Israel. 

4.6. Quantification of P, C(org), and Ca accumulation rates 

P , C(org) and Ca accumulation rates and sedimentation rates were quantified using 

the time scales of Gradstein et al. (1995) for the Mesozoic and Berggren et al. (1995) for 

the Cenozoic, and on the basis ofNegev chronostratigraphic data (Lewy, 2001; Gvirtzman 

2004). 

Thickness, P and Ca concentrations over the Albian-Eocene of the Negev were 

collected from various literature sources as well as from sections analyzed in this study (see 

results of elemental geochemistry). In total, hundreds of sedimentary sections from tens of 

literature sources were compiled. Data on C(org) contents (upper Coniacian-lower-middle 

.) 8 Eocene) are from this study (Table 

,) We used 30.97, 12.01, and 40.01 as atomic weights of P, C and Ca (respectively 

and 1.2 g/cm3 (see also Filippelli et al., 1994) as an estimate ofprecompaction density (d) 

. of the sedimentary assemblages in the succession 

: and calculated as follows -יmole cm-2 kyr ~ P and C(org) rates (<1» are expressed in 

106 <1> = (wt %) l0-2 x dx s X 

aw 
where wt% is the weight content of P or C(org) , s the post-compaction sedimentation rate 

. over the quantified stratigraphic interval (cmlkyr), and aw the atomic weight 

and calculated in the -יmole cm-2 yr ~ Ca accumulation rates are expressed as in 

same way. 
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5. Results and Discussion 

5.1. Elemental geochemistry 

The chemical and mineralogical composition of the various stratigraphic intervals 

along the Cretaceous covering the time of Tethyan phosphogenesis in the Negev are 

included in previous progress reports and in published articles. 

The composition of the Menuha Fm. (upper Coniacian-upper Santonian) is 

presented in Soudry et al. (2004); the Phosphatic-Carbonate and Porcelanite units (lower 

and middle part ofthe Phosphate Mbr., upper Campanian) in Soudry et al. (2001); the 

Phosphorite unit (upper part of the Phosphate Mbr., uppermost Campanian) in Soudry et al. 

(2004); the Ghareb Fm (Oil Shale Mbr. and Marly Mbr., Maastrichtian), the Taqiye Fm. 

(Paleocene) and the Paran Fm. (Eocene) in Soudry et al. (2002). 

Table 2 shows the chemical composition ofthe separated (carbonate-free) CFA 

samples analyzed for Sr, Nd and Ca isotope compositions. 

5.2. Sr isotopic results 

The results of Sr isotopic analyses in CFA samples are presented in Tables 3 and 4. 

Are also included the nature ofthe CFA phase in the analyzed samples, the structural CO2 

values (wt%), the SrlP and CaIP ratios, and the (La/Sm)N, (SmIYb)N ratios and the Ce/Ce* 

anomaly in their REEs. The numerical Sr ages of the samples were calculated from the 

statistical LOWESS fit to the marine 87Sr/86Sr (Version 3, updated 2000) of McArthur et al. 

(2001). 

Of the 94 samples analyzed, only 34 yielded Sr isotopic compositions matching 

their stratigraphic position and the secular marine Sr isotope curve (McArthur et al., 2001). 

The others produced 87 Sr/86Sr ratios much higher than those expected from their 

stratigraphy (10-20 Ma younger). The bulk ofthe samples that yielded consistent Sr 

isotopic compositions and numerical ages are from the Campanian interval. Part of the 

Maastrichtian samples and a few Eocene samples also gave consistent results. The causes 

for the discrepancy between the measured Sr and biostratigraphic ages of part of the 

samples are not well understood at this stage. Different possibilities could be envisaged: 

1) Part of the CF A samples might be weathered. Weathering and extensive 

diagenesis are known to alter the 87Sr/86Sr ratio (e.g., McArthur, 1994). However, no clear 

relation is seen when exarnining the composition of the samples and their 87 Sr/86Sr values 
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(Table 3). In fact, judging from the structural C02 contents (mostly between 4 and 6 wt%), 

the CaIP, SrlP and the (La/Sm)N ratios (the later consistently > 1.0), it seems that the state 

of preservation of the major part of the samples is quite fair. Moreover, samples with high 

Fe and Mn concentrations (supposed to indicate alteration - McArthur, 1994) often 

yielded 87Sr/86Sr values perfectly matching their stratigraphic position, while others with 

low Fe and Mn contents in contrary produced inconsistent values (higher 87 Sr/86Sr ratios 

than expected from their stratigraphy). 

2) Retention of the initial 87Sr/86Sr is affected by the nature of the CFA phase. In 

North Carolina phosphorites (Miocene) Riggs et al. (1997) found that skeletal apatite grains 

generally show higher Sr isotopic ratios than co-occurring phosphate pellets. Recently, 

Martin and Scher (2004) also found in DSDP sediments (Eocene to Pleistocene) that Sr in 

fossil fish is consistently altered in the direction of the Sr isotope values of the porefluids, 

suggesting continual Sr exchange between the fish remain and porewaters during 

diagenesis and burial. No separate analysis of skeletal and pelletal apatite has been carried 

in this study and therefore we cannot check the validity of this effect. Nevertheless, a few 

87Sr/86Sr measurements recently carried out in separated fractions of co-occurring 

phosphate pellets and fish remains from the Campanian-Negev phosphorites (Gofin, in 

prep.) showed no difference in the values yielded by the two fractions. Moreover, such an 

effect, if it was determinant, cannot nevertheless explain the very large age gap (10-20 Ma) 

in part of our samples, between the Sr ages (as calculated from the Sr isotopic compositions 

of the samples) and the chronostratigraphic ages. In North Carolina phosphorites this effect 

contributed to a lowering of the Sr age of fish debris, by comparison to co-occurring 

phosphate pellets, by only - 1 Ma. 

3. Contaminants: Contamination with Sr from associated clay minerals during acid 

attack of the CF A fraction could alter the original 87 Sr/86Sr of the sample and increase the 

values (Bailey et al., 2000). We believe however that this effect was negligible in our 

samples as we used glacial acetic acid (weak acid) for CFA dissolution. 

An alternative explanation for the age discrepancies in part of the phosphate 

samples could be diagenetic Sr exchange (Clauer et al., 1975) between porewaters and 

some clay fraction (high 87Sr/86Sr) at the time of CFA precipitation. An important control 

then would be the rate of sedimentation, this determining how long the growing CF A 

would be kept near the sediment-water interface, at contact with porewaters exchanging Sr 
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with the deposited clays. This could perhaps explain why consistent Sr isotopic 

compositions are produced by most of the Campanian phosphorites of the Negev, while 

inconsistent values are yielded by most of the other phosphate occurrences above and 

below in the analyzed section. The Negev phosphorites are mainly granular, generated in 

conditions of more or less continuous sedimentation; by contrast, most of the other CF As 

are nodules formed at sediment discontinuities where the diagenetic impact of exogenic Sr 

(because of a very slow burial of the CFA phase) was probably more intensive. Detailed Sr 

isotopic measurements recently made across various phosphate basins of the Negev (Gofin, 

in prep.) seem to provide some support to the importance of such a diagenetic impact. 

5.3. Nd isotopic results. 

The results of the measured and initial 143Nd/l44Nd values and the ENd(1) values over 

the Hauterivian-Eocene are presented in Table 4. Table 5 shows the ENd(1) results in CFA 

) for various Campanian-Eocene stratigraphic intervals in the Negev, Egypt (Red Sea Coast 

and Moroccan (Ganntour) phosphorites. Figure 3 shows the scatter plots of ENd(1) compared 

1) ( figure 4 are compared the evolutions of ENd מI. to 87Sr/86Sr over the Hauterivian-Eocene 

83-67 ( in the Negev and the Red Sea (Egypt) phosphorites in the Campanian-Maastrichtian 

Ma), and in figure 5 the ENd(1) evolution in the Negev and the Ganntour (Morocco) 

phosphorites in the Maastrichtian-Eocene (67-46 Ma). 

5.4. Ca isotopic results 

The results of the 44Caf2Ca ratios are presented in Table 4. Figure 6 shows the 

scatter plots of 844Ca compared to 87Sr/86Sr over the Hauterivian-Eocene; and figure 7 the 

scatter plots of 844Ca compared to ENd(1) in the same interval 

Ca and C{Qrg} accumulation rates and sedimentation rates 5.5ו. P 

The rates P and Ca accumulation in the Albian-Eocene of the Negev.are presented 

in Table 6 ; those of C(org) in the Upper Coniacian-Middle Eocene of the Negev are shown 

. 9 in Table 
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Figure 8 shows P accumulation rates compared to ENd(1) distribution in the 

Hauterivian-Eocene; figure 9 - P accumulation rates compared to 844Ca distribution; and 

figure 10 - P accumulation rates compared to 87 Sr/86Sr. 

Figure 11 shows the rates of P and Ca accumulation rates in the Albian-Eocene, and 

and figure 12, the rates of P accumulation compared with the rates of bulk sedimentation. 

Figure 13 shows the temporal evolution of 844Ca, ENd(1), rates of P and Ca accumulation, 

and rates of bulk sedimentation in the Hauterivian-Eocene interval. 

5.6. TOC, C:p(org), 813C(org) and 815N(org) results 

Table 7 shows the results of TOC (wt%) in the upper Coniacian-Eocene succession 

of the Negev and in the Campanian phosphate section of Egypt (Red Sea), as well as the 

813C, 815N, and C:N atomic values of the separated organic fraction. 

Table 8 shows the C:P(org), in part of the samples analyzed for C:N(org), and for 813C 

and 815N. Figure 14 shows the evolution ofTOC, C:N(org), 813C(org), OI5N(org), rates ofP 

accumulation and bulk sedimentation along the upper Coniacian-Eocene of the Negev; and 

figure 15, the evolution of C:P(org), compared to the rates of P accumulation rates and bulk 

sedimentation in the same interval. 

6. Interpretation of the results and discussion 

The results ofthis study allow, when combined together, to better constrain the 

development of phosphogenesis in south Tethys margins during the Cretaceous-Eocene. 

Several points emerge from the various data (figure 11, table 4): 1) A similar trend exists in 

the distribution of 844Ca and ENd(1); 2) 844Ca and ENd(1) steeply rise after the Cenomanian­

Turonian, reaching some of their highest values in the upper Campanian, 3) distinct ENd(1) 

are shown by the phosphorites of the Negev and Egypt during the Canpanian, and in the 

phosphorites of the Negev and N. Africa during the Maastrichtian-Eocene; and 4) the 844Ca 

and ENd(1) peaks during the upper Campanian coincide in the Negev with a peak in rates of 

P accumulation and a low rates of Ca accumulation and bulk sedimentation. In addition, 

highly negative 813C(org) values (as low as -31%0) and high C:p(org) ratios (Fig. 15) are 

recorded during the Campanian-lower Maastrichtian. 
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6.1 Temporal variations of Nd isotopes 

The sharp rise of ENd(1) from continental crust-like values in the Hauterivian-lower 

Cenomanian (ENd(1) = -12.8 to -11.2; n= 11) to Pacific-like seawater values in the upper 

Cenomanian-Eocene (ENd(1) = -7.8 to -5.9; n = 61), suggest major changes in ocean 

circulation and sediment deposition between these two periods. Following the global sea 

regression at the latest Jurassic, much of Europe, the Middle East and the Arabian 

Peninsula experienced intensive continental weathering as a result of wide exposure of 

land. In Europe, this regressive event is represented by the Purbecko-Wealdian facies 

formed by brackish-deltaic sediments and fluvio-lacustrine clastics (Tyson and Funnell, 

1987). In the northwest margins of the Arabian craton (Middle east and Arabian Peninsula) 

this event is represented by widespread terrigenous sediments (Nubian sandstones). The 

early and mid-Cretaceous was also a warm period (Masse et al., 1993; Barnes, 1999) that 

enhanced chemical weathering of exposed landmasses (Follmi et al., 1994). The increased 

riverine runoff probably caused large input of continental Nd [ENd(O) ::::: - 14; e.g., Piepgras 

and Wasserburg, 1987; Keto and Jacobsen, 1988; Spivack and Wasserburg, 1988) into the 

Tethys basin, explaining the very low (crust-like) ENd(1) values measured in the Early 

Cretaceous. In addition, the nearly closure of the Caribbean threshold at those times and 

shallow blocks in central Tethys (Masse et al., 1993; Hay, 1995) probably impeded marine 

circulation in the Tethys basin (see also de Boer, 1986) and water exchange with the 

Pacific. 

By contrast, the middle and upper Cretaceous was a time of intense midplate 

volcanism and crust production. Between 120 and 80 Ma, Earth's oceanic crust formation 

increased by 50 to 75%, most of it in the Pacific basin (Larson, 1991). A direct 

consequence would have been be increased inj.ection of radiogenic Nd from hydrothermal 

activity [ENd(O) from - 0 to + 10; Shaw and Wasserburg, 1985; Amakawa et al., 2004) in 

Pacific water. Many suggested that these mid-ocean ridge volumetric changes induced the 

Late Cretaceous sea transgression. A thermally induced uplift of the Pacific lithospheric 

plate linked to mid-plate Cretaceous volcanism was also suggested (Schlanger et al., 1981) 

as proximal cause of the Cretaceous transgression. The rise in sea level (up to + 250 m; Haq 

et al., 1977) caused by the Pacific volcanism would have then led to increased incursion of 
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Pacific waters into the Tethys seaway and influx of radiogenic (Pacific) Nd. The sharp 

increase of ENd(T) values in the Negev CFA during the Late Cretaceous reflects this 

improved water exchange between the Tethys and the open Pacific, causing the Nd isotopic 

composition ofTethys waters to evolve toward more radiogenic (mantle-like) values. Stille 

et al., (1996) also observed an increase in ENd(T) (thought more reduced than in our study) in 

Early Cretaceous-Eocene CFA concretions from the Tethys and linked it to increased water 

exchange between Tethys and Pacific. 

Noteworthy is the distinct ENd(T) in the phosphorites of the Negev and Egypt (Red 

Sea) during the uppermost Campanian-lowermost Maastrichtian (75-71 Ma) interval (Table 

6, fig. 4, 5). While in the Negev ENd(T)is -6.4 to -7.3, in Egypt it is -7.6 to -10.6. We 

attribute this difference in ENd(T) to the dissimilarity in depositional environments of the two 

phosphorites. The Egyptian phosphorites are typically associated with abundant glauconitic 

sands (Glenn and Arthur, 1990) while these are absent in the Negev as well as in other 

Middle East (e.g., Jordan, Syria) phosphorites. The association of glauconitic sands and 

phosphorites in Egypt was explained by deep lateritic weathering of the Arabo-Nubian 

massif followed by abundant fluvial discharge of P and Fe in inner shelf portions of south 

Tethys. This fluvial supply, rather than upwelled waters (Glenn and Arthur, op. cit.), would 

have been the main source of P for the formation of the Egyptian phosphorites. The very 

low (crust-like) ENd(T) values in these Egyptian phosphates confirm this terrigenous impact 

during their formation, while this impact is lacking in the Negev and other (Jordan, Syria) 

Middle East phosphorites, as also indicated by their more positive (mantle-like) ENd(T) 

values (Table 5). Because of the short residence time of Nd in seawater, this distinction in 

ENd(T) signals is kept in the two groups of phosphorites, indicating the existence of different 

water masses at the edge of eastem Tethys during the Campanian. The ENd(T) of the 

Egyptian phosphorites probably integrates two distinct isotopic signals, a crustal-like signal 

from fluvial discharge, superimposed on the more radiogenic Nd signal that characterized 

Tethys seawater mass during the Campanian. 

It is also interesting to note the general coupling of the Nd and Ca isotopic 

compositions over the analyzed interval (Fig. 7), indicating that they are both more or less 
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controlled by the rate of continental runoff. By contrast, no coupling is seen between the 

isotopic evolution of Sr and Nd (Fig. 3) and that of Sr and Ca (Fig. 6). 

6.2. Temporal variations of Ca isotopes 

The results ofNd isotopes provide some clues as to the evolution of (544Ca in CFA 

over the analyzed lower Cretaceous-Eocene interval. Geochemical profiles of present-day 

phosphatization (e.g., off Peru-Chile, Namibia, Mexican continental shelves) indicate that 

CF A precipitates at the topmost part of bottom sediments together with suboxic bacterial 

degradation of organic matter (e.g., Jahnke et al., 1993; Glenn and Arthur, 1988). Only 

there, very close to the sediment-water interface, are the coincident conditions required for 

CFA precipitation (fluorine supply, carbonate alkalinity, and porewater phosphate 

concentration) met. Ca+2 needed for CFA formation could be supplied from sea-floor 

dissolution of carbonate and apatite skeletal fragments reaching sea bottoms, and/or directly 

from seawater infiltrating bottom sediments. Because of the strong biological fractionation 

ion (Skukan et al., 1997; Zhu and MacDougall, 1998), these ~ of Ca during mineral precipita 

different Ca sources have distinct Ca isotopic compositions. Skeletal carbonate and apatite 

. debris are enriched in isotopically light Ca+2 while seawater is enriched in heavy Ca+2 

It is not easy to assess the relative shares ofthe diverse Ca+2 sources (dissolved 

carbonate and phosphate bioclasts versus seawater) in the formation of the various CF As 

and their encoded (544C'l(CFA) signatures. Another uncertainty which complicates 

interpretation of (544Ca lies in the composition of the analyzed phosphorites. Many of them 

especially the granular ones) are not homogenous in composition and shows phosphate ( 

pellets associated with skeletal apatite. Since Ca is more fractioned as it moves through the 

food chain (Skulan et al., 1997), (544Ca of skeletal apatite reaching sea floor is probably 

-more negative than (544Ca of phosphate pellets, formed in bottom sediments from P 

enriched interstitial seawater. The rather close (544Ca values yielded by a few separated 

CFA pellets and associated bone debris (Table 5) indicate, however, that some isotopic 

ed in the CFA-precipitating חhomogeneisation ofthe different Ca+2 sources probably occu 

ed חporewaters. This isotopic exchange between the various Ca +2 sources could have occu 

during diagenetic stabilization of skeletal hydroxyapatite into CF A. This conversion is 
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often revealed in fossil phosphorites by local enrichment in fluorine of bone tissues (Soudry 

and Nathan, 2001). 

In spite ofthese uncertainties, the magnitude ofthe cS44Ca change (+ 0.6%0) in the 

CFA record in the analyzed succession (cS44Ca = -0.22 in lower Cretaceous; cS44Ca = + 0.40 

in Eocene) as well as its trend over time (Table 8, Fig. 12) lead us to think that this change 

reflects temporal variations of the isotopic seawater Ca. This interpretation is supported by 

results of Schmitt et al. (2003b) in Miocene-Pleistocene phosphates. These found that cS44Ca 

varies in phosphates in the same way as in carbonates of the same age (De La Rocha and 

DePaolo 2000), indicating that cS44Ca phosphate can detect variations of isotopic Ca in 

paleoseawater. 

Two main stages are distinguished in the evolution of cS44Ca in CF A along the 

analyzed lower Cretaceous-Eocene (Fig. 12): 1) a lower Cretaceous-middle Turonian stage 

with negative cS44Ca values (cS44Ca as low as -0.22%0 in the Hauterivian-Albian), and 2) a 

Coniacian-Eocene stage with positive cS44Ca values (cS44Ca mostly between +0.30 and 

0.40%0). These two different cS44Ca stages are explained by changes in paleogeography and 

paleoceanography caused by eustatic sea level changes and plate tectonics re-arrangement 

of continents. Biological fixation of Ca+2 into carbonates during calcification is the 

principal (mainly 40Ca) sink in oceans (Wilkinson and Algeo, 1989). High CaC03 

deposition rates during times of increased flooding of continental shelves will therefore 

enrich seawater with heavy Ca+2. Conversely, times of increased weathering of carbonate 

platforms during sea retreats will supply to oceans abundant riverine Ca +2 enriched with the 

lighter Ca+2. The negativecS44Ca values during the Hauterivian-Albian (130-96 Ma) could 

reflect high weathering Ca+2 fluxes caused by the globallatest Jurassic sea regression 

exposing Jurassic and earlier carbonate platforms. The abundant terrigenous sediments in 

the lower Cretaceous of N. Europe (The Wealdian-Purbeckian facies) and in the middle 

East (Nubian sandstone) clearly evidences this intense land-mass erosion after the Jurassic, 

explaining the negative cS44Ca values during this period. 

It could be argued that the low cS44Ca values during the Early Cretaceous could be 

the effect of changip.g seawater temperature than the result of increased weathering Ca +2 

fluxes. Data from the natural environment (Zhu and MacDougall, 1998) and laboratory 
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experiments (Nagler et al., 2000) indicate that fractionation of Ca isotopes during 

calcification is temperature controlled (fractionation increases with decreasing 

,. temperature). Cultured planktonic foraminifera led Nagler et al. (2000) and Hippler et al 

2002) to suggest a 844Ca change of 0.24 :!: 0.02 per I°C. A much smaller 844Ca ( 

temperature dependance (0.05 per I°C) was later found by Deyhle et al. (2002) in other 

cultured foraminifera, suggesting that inter-species differences may exist in the magnitude 

Ca isotopic fractionation. Such a temperature effect on Ca fractionation measured in culture 

experiments is however not expressed when examining the fossil record. In the Negev 

)" sequence, 8180 in Nodosoria shells (benthonic foraminiferid with negligible "vital effect 

8180 increases by +1%0 from the Santonian to the Campanian (Bein et al., 1990b). Such a 

C in seawater temperature from the Santonian to the 4ס -increase would imply a drop of 

Campanian. Assuming that most of the CFA-Ca derives from dissolved calcareous shells in 

bottom sediments, a temperature-dependant Ca fractionation (Nagler et al., 2000) should 

have shifted 844Ca in CF A toward lower values during the Campanian. The results of this 

) 8 study however show that 844Ca does not changes and even increases (up to 0.4%0; Table 

from the Santonian to the Campanian, indicating little dependance between seawater 

temperatures and Ca fractionation in the studied phosphorites. Schmitt et al. (2003b) also 

found no correlation between 844Ca and 8180 values in Miocene phosphorites, indicating 

. little temperature effect on Ca isotopic fractionation 

One may also argue that the intense mid-plate Pacific volcanism during the lower 

Cretaceous (Watts et al., 1980) was also responsible for the low 844Ca values during this 

period. This intense volcanism in mid-ocean ridges would have led to increased Ca-for Mg 

; -1.16%0 exchange from hydrothermal alteration of ocean-floor basalt (844Ca = -0.63%0 to 

Schmitt et al., 2003a). It is possible that light Ca+2 was also contributed from this source to 

early Cretaceous seawater during these times of high spreading rates. The widespread 

continental sedimentation during lead us however to think that this hydrothermal source of 

light Ca+2 was subordinate to continental Ca+2. Mass balance calculations also indicate that 

weathering of carbonate rocks is the main source of Ca +2 in seawater. The hydrothermal 

) 1989 , input of Ca to the oceans was estimated to be around 35 % (Wilkinson and Algeo 

. and 22% (Bemer and Berner, 1995) ofthe river input 
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The global sea level rise (+200 m) during the Late Cretaceous (Haq et al., 1987), 

reducing the exposed landmasses and expanding the areas of carbonate sedimentation in 

shelves, would explain the subsequent increase of ()44Ca during the Coniacian-Eocene. 

Nearly 40% ofthe total continental area was flooded during this period (Howarth, 1981). 

The more pronounced ()44Ca increase during the Campanian (80-72 Ma), continuing in the 

upper Maastrichtian and the Eocene (no ()44Ca data are available for the Paleocene), is 

attributed to the increasing abundance and diversification of planktonic foraminifera and 

calcareous nannoplankton that produced the massive chalks (seaward of the mainly rudist 

carbonate platforms) during this period (Hay, 1995). This increased carbonate 

sedimentation would have increased the rate of biological removal of light Ca +2, enriching 

seawater with heavy Ca+2. A similar trend of increasing ()44Ca during the Campanian­

Eocene (75-45 Ma) is also observed in marine carbonates (De La Rocha and DePaulo 

(2000), providing additional evidence for a greater imbalance in favor of carbonate 

sedimentation during this period. 

6.3. Variations of P accumulation rates 

ENd(1) and ()44Ca provide some explanation for the changes in P accumulation 

during the Cretaceous-Eocene. The rise in P accumulation rates starting at the Coniacian 

and culminating in the Campanian is conjugated with the rise in ENd(1) and ()44Ca, and 

suggest that they are together related. The low P accumulation rates in the lower Cretaceous 

might be due to rather slow marine )י-mole P cm-2 kyr גJ50 ofthe Negev (less than 

circulation in the Tethys during these times. The nearly closure of the Carribean threshold 

during the Early Cretaceous (e.g., Masse et al., 1993) together with shallow blocks and 

, emerging areas (e.g., Apulia, Appenine platform) obstructing parts of the eastern Tethys 

would have impeded marine circulation and seawater oxygenation. Blocked from marine 

circulation, the western Tethys and the Central Atlantic became stagnant and 02-depleted 

Hay, 1995), with black shales forming as a result of nutrient supply from greater riverine ( 

runoff (Follmi et al., 1994). This slow circulation in the large parts ofTethys during the 

early Cretaceous, causing poor seawater oxygenation, is also indicated by the positive Ce 

anomalies (up to + 0.7) in biogenic apatites of the Tethyan area during this period (Ucuyer 

.) 2004 ,. et al 

1) 
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The high sea level rise during the Late Cretaceous probably led to intensification of 

marine circulation in through Tethys seaway. This is evidenced by the sharp ENd(1) rise 

starting at the upper Cenomanian (Fig. 12), suggesting increased incursion of Pacific waters 

enriched with radiogenic Nd into Tethys. This intensified circulation is a1so suggested by 

the increasingly negative Ce anoma1ies in Tethyan apatites after the Cenomanian (Ucuyer 

et a1., 2004), pointing to progressive oxygenation of seawater caused by oceanographic 

changes. Scotese et al. (1988) attributed these changes to the opening of Southem Atlantic 

and Drake Passage, allowing Pacific waters to travel around south Mrica (Stille, 1992) then 

to flow northwards into the Atlantic. Still, circulation in the Tethys during the Late 

Cretaceous was mostly E-W (Luyendyk et al., 1972; Berggren and Hollister, 1977; Camoin 

et al., 1993), driven by widening ofthe Caribbean threshold (Philip et al., 1993). The 

development of this westward-flowing circumglobal Tethyan current could have resulted in 

an increased dissolved P inventory in the water body (Jewell, 1995). Plate tectonic 

disposition of continents and south Tethys (paleolatitude 8°_15°) at the Campanian­

Maastrichtian (Barron et al., 1981) would have induced favorable atmospheric circulation 

in the Tethys seaway (Parrish and Curtis, 1982). Winds blowing from the NE caused 

Ekman transport of surface waters to the NW, resulting in coastal upwelling of 

deoxygenated P-rich, mid-depth waters in mainly the eastem Tethys (the present Middle 

East area). By contrast, relatively little P reached the westem Tethys (the present North 

Africa belt) during the Campanian-Maastrichtian, perhaps because situated too far from the 

upwelling center probably situated in -Pacific at these times. Upwelled waters are also 

quickly depleted ofnutrients on relatively short distances (e.g., Barber and Smith, 1981; 

Parrish and Curtis, 1982; Glenn and Arthur, 1988) and this would cause the eastem Tethys 

upwelling to dissipate rapidly westward. Although phosphorites also occur in the 

Maastrichtian ofNorth Africa (Boujo, 1976; Prevot, 1988) they are however much less 

abundant than in the Middle East. Only in Eocene times, following major changes in 

paleocirculation (see below) will phosphogenesis reach high intensity in the North Africa 

area (westem Tethys). 

The increasing sea level rise, reaching its maximum at the Late Cretaceous (and 

remaining high until in the Cenozoic), probably caused the shelffront to break (Hay, 1995), 

allowing subsurface P-rich waters to penetrate up the inner shelves of the eastem Tethys. 

Such cold upwelled waters are well evidenced by the 8180 increase in Santonian-

<J 
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Campanian fish debris (Kolodny and Raab, 1988) and foraminifera (Bein et al., 1990) of 

the Negev. Continuous nutrient supply from persistent water circulation would have 

-sustained high surface productivity in this area, causing abundant accumulation of organic 

rich sediments and increased sea f100r phosphogenesis. The extremely reduced 

Table 6) probably also ;י-sedimentation rates during Campanian times « 0.4 cm.kyr 

contributed to intense P regeneration (see Table 9) enhancing CFA precipitation. The 

inverse couelation of P and Ca accumulation rates in the Negev (Fig. 11) fits this 

depositional scheme. Primary production in areas of upwelling is mostly dominated by 

, diatoms because to their efficiency in P uptake and their high reproduction rates (Reiss 

1988). Such productive zones are less prone (Follmi, 1996) to calcareous nannoplankton 

growth (major producers of carbonates), thus explaining the opposite peaks of P and Ca 

. accumulation rates in the Negev during the Campanian 

Configuration of the Tethys basin profoundly changed in the Paleocene-Eocene, the 

time of maximum phosphate deposition (Thanetian-Ypresian) in North Africa (westem 

Tethys). The increasing plate-tectonic closure of the Tethys basin at these times together 

,) 1993 ,. with the auival of the Indian plate at proximity to Eurasia (e.g., Butterlin et al 

probably resulted in a weakening ofthe westward Tethyan flow, that flow which fuelled 

. phosphogenesis in the eastem Tethys (Middle East) during Late Cretaceous times 

Weakening of the Tethyan f10w together with widening of the Atlantic, both make that 

phosphate formation in North Africa during the Paleocene-Eocene is now more fuelled by 

Atlantic seawater. This shift of oceanic P sources from the Pacific-Tethys during the Late 

Cretaceous to the Atlantic during the Eocene is well evidenced by the different f:Nd(T) of the 

Middle East and North African phosphorites. While f:Nd(T) is -6 to -7 (Pacific-like) in the 

Campanian phosphorites of the Middle East, it is -9 to -11 (Atlantic-like) in the Paleocene­

Eocene North African phosphates (Table 5, Fig. 5). Therefore, two different oceans and 

two differently-oriented marine flows, fuelled by tum Tethyan phosphogenesis, following 

changes in paleogeography and paleocirculation. Pacific-Tethys (westward Tethyan flow) 

dominant during the Late Cretaceous in the Middle East area (eastem Tethys), followed by 

the Atlantic (northward Atlantic flow) predominant during the Paleocene-Eocene in North 

Africa (westem Tethys). 

 ;ץ'.
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6.4. %TOC, atomic Cm:g/Nm:g ratios, OI3Cm:g and 0 15Nm:g variations 

Figure 14 illustrates an up-core composite stratigraphic section displaying the 

temporal evolution of weight percent total organic carbon (TOC), atomic organic carbon to 

organic nitrogen ratios (Corg:Norg), the OI3C and OI5N of organic carbon, phosphorus 

accumulation rates and bulk sedimentation rates along the upper Coniacian through lower 

middle Eocene of the Negev. There are some clear, yet often subtle relationships between 

these various important chemostratigraphic parameters. 

6.4.1. Total organic carbon and atomic CorgINorg ratio variations 

, Organic geochemical results from the Negev phosphorite sequence (Amit and Bein 

1982) demonstrate a lack of heavy saturated hydrocarbons with odd-over-even 

predominance, indicating that the organic mater of these units originated from marine 

, microorganisms and thus not from cuticular waxes of terrestrial higher plants. Similary 

pyrolysis results from the Negev sequence (Bein et al., 1990) and from organic-rich from 

temporally equivalent organic-rich shales associated with phosphorite sections of Duwi 

Group strata across Egypt (Glenn and Arthur, 1990) clearly indicate that the organic matter 

of these units have undergone little, if any diagenetic alteration during burial. As expected 

 I. for sequences not deeply buried on stable cratons, all kerogens are thermally immatureמ

addition, both of these data sets indicate a marine algal (Type 1) to possibly slightly mixed 

, marine algal and terrigenous sources (Type 11) of the sediments (cf. Tissot and Welte 

1978), a conclusion corroborated by the prevalence of light alkanes in the Negev sections 

Bein et al., 1990). TOC contents are markedly enriched in the Campanian and lower ( 

Maastrichtian portions of the section (Fig. 14, Table 8) with TOC contents varying between 

about 5 and 15 weight percent. Although some ofthe variations in %TOC throughout the 

section may be attributed to lithologic dilution by other components, as cross plots of TOC 

versus %Corg extracted from insoluble residues of the same samples for this section display 

a slightly positive linear correlation of R2 = 0.65 (not shown), the organic carbon 

2 accumulation rates are indeed very high, especially through stratigraphic intervals 

12,000 through 6 (Fig. 14, 520m-379m; Table 9) varying between ca. 3,000 to 

/lmolCorg.cm-2.kyr- I . These values fall within the lower range of reported Corg 

, accumulation rates of many highly productive modem marine coastal upwelling zones 

c.f. compilations of ( -יwhich may range between 10,000 and 450,000 /lmolCorg.cm-2.kyr 
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Glenn and Arthur, 1985). In contrast to the above, TOC contents in the post-lower 

Maastrichtian portions of the Negev are rapidly and dramatically reduced to values 

typically <1 % TOC. Throughout the section Corg:Norg atomic ratios generally track 

variations in %TOC, with increasing TOC corresponding to increasing Corg:Norg. CIN 

ratios are commonly used to differentiate relative organic inputs of marine algal 

components versus terrestrially-derived organic matter (algae typically have atomic CIN 

ratios between 4 and 10 whereas vascular land plants have ratios of 20 or greater; Meyers, 

1997). However, pyrolysis data indicate a dominant marine algal source for these 

sediments. We suspect that the rather high CIN atomic ratios exhibited in the Negev are due 

to the preferential consumption of N-rich organic matter. Contrary to the expected affect of 

bacterial degradation on the 815N of organic matter, Figure 14 reveals that the up section 

trend in decreasing CIN ratios correlates with increasing 815Norg. As outlined below, we 

believe this represents a time-progressive decrease in the availability of dissolved nitrate 

with time. 

6.4.2. d3Corg and 815Norg variations 

813Corg and 8 15Norg have become increasingly widespread tracers in deciphering 

variations in water mass eutrophication, changes in upwelling intensity, and also as clues to 

the in nature of organisms producing such signals (cf. Meyers, 1997), although systematics 

of the co-lateral use of these tracers may, at times, prove difficult to interpret. Evidence 

from recent settings suggest that 8 15Norg values of particulate organic matter (POM) in 

organic-rich sediments are usually very similar to that of the sinking particles from which 

they were derived and are little affected by post-depositional diagenesis. When there is 

moderate to good preservation of sedimentary organic matter due to high productivity 

and/or low bottom water oxygenation, little diagenetic effects in sedimentary 8 15Norg are 

apparent (Altabet et al., 1999b). As noted above, our previous pyrolyses analyses of the 

sediments associated with Middle East Campanian-lower Maastrichtian phosphorites 

generally reconfirms this. 

The composite chemostratigraphic section (Fig. 14) also illustrates that although 

with numerous variations, generally low values of 813Corg and 8 15Norg occur in association 

with elevated TOC values in the Campanian and lower Maastrichtian portions of the 

studied sequence. 813Corg values near the base of the section (i.e. from 490m to 420m, 
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which generally corresponds to a time window from ca. 79 Ma to 72 Ma) have values close 

to -29%0, while () 15Norg values generally range about +4%0. Above this horizon, both 

13Corg and () 15Norg progressively wax up section to relatively more positive values, with () 

() 13Corg values generally trending from -30%0 at ca. 420m up to ca. -26.5%0 at 360m, and () 

15Norg values trending from about 3%0 at 420m to a maximum of 8%0 at 360m. We believe 

comparison with the globally מI. these trends are the result of several possible factors 

; -27%0 averaged marine ()13Corg for the interval between ca. 79 Ma and 72 Ma (ca. -26%0 to 

Hays et al., 1999), the Corg of Campanian interval of the Mishash Fm. is thus anomalously 

depleted in 13C by about 3%0 to 4%0. We consider the most likely explanation for this 

anomalous 13C depletion is due to the recycling of upwelled 13C-depleted total dissolved 

, carbon (DIC) that resulted from degradation of settling POC in the water column, although 

due to a lack of ()13C of inorganic carbon and of organic biomarker data for these sediments 

we can not at this time rule out potential contributions due to POM contributions as a result 

,. ofmethane oxidizing bacteria (e.g. Freeman et al., 1990; Hinrichs et al., 1999; Jahnke et al 

1999; Valentine and Reeburgh, 2000; Hollander and Smith, 2001), nor can we dismiss 

possible biological fractionation effects associated with variations in phytoplankton growth 

rates and/or cell size (e.g. Laws, et al., 1995; Popp et al., 1998). However, we do strongly 

favor the water column recycling of degraded DIC on the basis of the combined interplay 

between up core variations in TOC, ()13Corg and ()15Norg, as outlined both previously and 

. more fully examined below 

Traditionally, a general inverse relationship between () 15Norg of suspended and 

sedimented POM and the dissolved nitrate [N03-] in oxygen-depleted (suboxic) surface 

waters has been attributed to isotopic fractionation during [N03-] uptake by phytoplankton 

, e.g. Altabet and Francois, 1994; Altabet et al., 1995, 1999a,b; Altabet and Higginson ( 

2002; Ganeshram et al., 2000). Nitrate ultilization selectively takes up the lighter nitrogen 

isotope (14N) during photosynthesis, progressively leaving the residual [N03-] pool 

relatively enriched in the heavier isotope. Through Raleigh distillation, as assimilation 

proceeds and nitrate is further depleted, the () 15N of the residual nitrate of the sinking POM 

that forms by assimilation of that nitrate becomes progressively enriched. However, these 

systematics must be viewed carefully in order to be correctly interpreted in 

paleoceanographic reconstructions. Altabet (2001), for example, clearly showed in a study 

of nitrogen isotope systematics associated with equatorial upwelling in the modem Pacific 
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that, while entrained upwelled water traveled north and south of the center of equatorial 

eously with enrichments of -ורdivergence, their [N03-] became progressively reduced simulta 

815N03- (from ca. 0%0 to +14%0), as expected. However, this study also clearly 

demonstrated that within a broad span of about 80 latitude north to south of locus of the 

center of equatorial divergence and upwelling, surface waters POM maintained relatively 

. low 8 15Norg (plateauing at ca. +2%0) due to sustained [N03-] upwelling in that region 

Although this study had the additional caveat that Fe limitation also plays a role in the 

shaping the extent of the primary export productivity, this model may likely explain the 

positive correlation in the organic-rich lower portion of the Negev sequence between trends 

of generally low intervals of 8 15Norg (averaging + 4.5%0) corresponding with negative 

intervals of 813Corg (averaging -29.0%0). Further up section, at the top of the Ghareb Oil 

Shale member, as TOC values dramatically diminish, both 8 15Norg (averaging 6.1 %0) and 

813Corg values (averaging -26.4%0) increase up section. The increase in 8 15Norg in the 

upper portions of the section is likely due to waning productivity and possibly also due to 

,. diagenetic effects resulting from a return to oxygenated bottom waters (Altabet et al 

1999a). At the same time, the shift to more positive 813Corg likely generally ref1ects a 

,) 1999 ,. retum to average global 813Corg values for this interval of time (i.e. Hayes et al 

possibly in part to elevated atmospheric pC02 in the Late Cretaceous relative to the present 

cf. Dean et al., 1986; Berner, 1994). Thus, while there are single up section sample-to ( 

sample exceptions where positive excursions in 8 15Norg correlate with negative excursions 

in 813Corg (e.g. at 450m in the Porcelanite member ofthe Mishash Fm. where %TOC 

values fall), the general overall trend for the most organic-rich portions of the Negev 

section indicate sustained primary productivity as a direct result of continuous [N03-] (and 

. P043-]) nutrient availability within the core of the maximum locus of upwelling [ 

6.5. EfQ!gl variations 

The results show that C:P org.ratios of the sediments in the sequence studied vary by more 

than two orders of magnitude (Table 8). The first factor which determines these variations is the 

redox state of the bottomlinterstitial waters; oxic conditions lead to C/P org ratios around the 

Redfield ratio, sometimes higher, sometimes lower; while suboxic and anoxic conditions lead to 

C/P ratios considerably higher than the Redfield ratio. These results agree with previous studies 

(Froelich et al., 1982; Coleman and Holland, 2000; Van Cappellen and Slomp, 2002). 
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Furthermore, they show clearly: 1) there are C/Porg ratios that are significantly lower than the 

Redfield ratio. These are not analytical euors. 2) oxic environments with low Corg concentrations 

do not always result in C/P org ratios that are lower than the Redfield ratio. 

The relatively high C/P org ratios found in the suboxic and anoxic parts of the sequence 

(about 4000, some two orders of magnitude higher than the Redfield ratio) are not surprising for 

unweathered organic-rich fossil samples (e.g. Ingall and Van Cappellen, 1990; Ruttenberg and 

Bemer, 1993; Ingall and Jahnke, 1997; Van Cappellen and Ingal, 1996; Schenau and De Lange, 

2001). We are aware that these results confirm that organic P regeneration is much higher than is 

indicated by previous estimates. However, this does not mean that all or even most of this 

regenerated P is retumed to the surface waters; most of it is probably used for the formation of 

authigenic P (francolite) during early diagenesis (Ruttenberg and Bemer, 1993; Delaney, 1998; 

Anderson et al., et al., 2001). This process which is quantitatively much more important in 

upwelling systems, has been termed sink-switching (Ruttenberg, 1993). It alters significantly our 

estimates of the P sinks; lowering the organic P sink and increasing the authigenic P sink. 

The results also agree with numerous previous findings (e.g. Ingall and Van Cappellen, 

1990) which show the importance of the redox potential and sedimentation rate. The C:P org ratio 

increases with increasing reducing conditions (Table 8, Fig. 15) and decreases with increasing 

sedimentation rate. 

Our results indicate that the present estimates given for the organic P burial in sediments 

are too high. There is obviously more organic matter buried under suboxic/anoxic conditions than 

organic matter buried under oxic conditions, at least a 60:40 ratio. Taking as a very conservative 

estimate an average C/P org ratio of 500 for organic matter buried under suboxic/anoxic conditions 

and an average C/P org Redfield ratio of 117 (Anderson and Sarmiento 1994) for organic matter 

buried under oxic conditions we obtain a global estimate of C/P org of 347. Based on Corg burial of 

1.25 x 1012 mol C yr-1 (Jahnke, 1996), we obtain a global estimate ofO.4 x 1010 mole P yr-1 

buried as organic P. This estimate is significantl y lower than all the previous estimates, from 1.1 to 

2.0 x l010 mole P -1 buried as organic P (see Table 3 in Delaney, 1998). This, together with our 

results for the P accumulation rates indicate that most of the estimates for the authigenic P sink 

are too low and that this have been underestimated, especially the values for phosphogenic 

environments. This leads to agree with Ruttenberg's estimate (1993) for the average residence 

time of oceanic phosphate 16-38 kyr. Detailed results of p(org) and their implications are included 

in a paper now in preparation. 
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7. Conclusions 

The general coupling between total organic carbon, Nd(1), 844Ca, 613C(org). 815N(org). 

and P accumulation rates in the lower Cretaceous-Eocene of the Middle East (eastem 

Tethys) suggests paleogeographic and oceanographic controls in accumulation of 

phosphorites in this area. The sharp rise of f:Nd(O) starting at the upper Cenomanian reflects 

increased incursion of Pacific water masses into the Tethys seaway, driven by the Late 

Cretaceous global sea level rise and increased ocean circulation. It also reflects a 

weakening of the continental Nd isotopic signal intensely recorded during the lower 

Cretaceous. 844Ca also rising at these times reflects a decrease in weathering Ca +2 fluxes 

together with expansion of carbonate sedimentation areas as a result of increased flooding 

of continental shelves. 

The conjugated rise of P accumulation rates, starting at the Coniacian and 

culminating in the Campanian-Maastrichtian ofthe Middle east, reflects the combined 

effect of sea level highstands and plate-tectonics both inducing favorable atmospheric and 

marine circulation. This resulted in coastal upwelling of P-rich, cold mid-depth waters 

flowing onto the south edges of eastem Tethys, reaching the inner shelves as the shelf front 

"broke" with increasing sea level rise. Generally low values of 813C(org) and 8 15N(org) occur 

in association with elevated TOC values. We consider the most likely explanation for this 

anomalous 13C depletion is due to the recycling of upwelled 13C-depleted total dissolved 

carbon (DIC) that resulted from degradation of settling POC in the water column. By 

comparison with modem equatorial Pacific upwelling systematics, we maintain that the 

relatively low 815Norg (plateauing at ca. +2%0) in the Campanian-Maastrichtian of the 

Negev was due to sustained [N03-] and [P043-] upwelling within the core of the maximum 

locus of upwelling in this region. In contrast, being situated far from the upwelling center 

(eastem Tethys-Pacific) at those times, the western Tethys (the present-day N. Africa belt) 

was less influenced by these nutrient-rich rising waters. In the Negev, these upwelled cold 

waters are imprinted in the 813C of the organic fraction and the 8180 of fish remains and 

foraminifera. Increased circulation during the Late Cretaceous is also suggested by the 

strongly negative Ce anomalies in many biogenic apatites of the Tethyan domain. 
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The low ENd(1) values in the Egyptian phosphorites reflect local fluvial discharge 

during the formation of these rocks, suggesting different water masses at the edges of south 

Tethys during the Campanian. This teuigenous Nd isotopic signal during the formation of 

these Egyptian phosphorites probably interfered with the more radiogenic Nd signal that 

characterized Tethys seawater at these times, causing a superimposition of the two signals 

in these rocks. 

Together with the increasing plate-tectonic closure of the Tethys during the 

Paleocene-Eocene and the auival of the Indian Plate next Eurasia, paleocirculation changes. 

The westwards Tethyan flow that fuelled phosphogenesis in the eastern Tethys during the 

Late Cretaceous is replaced by a northwards Atlantic flow which fuels Paleocene-Eocene 

phosphogenesis in North Africa area. This shift of oceanic P source from Tethys-Pacific 

(Late Cretaceous) to the Atlantic (Paleocene-Eocene) is well expressed in the ENd(T) values 

of the two Middle East and North Africa phosphorites. 

The overall decoupling between the geochemical evolution of the Sr isotopes and 

that of the Ca and Nd isotopes during the analyzed time-interval (while Ca and Nd isotopes 

are more or less coupled with P rates) suggests little direct relationship between continental 

weathering and rates of phosphogenesis in south Tethys shelves. It is perhaps significant in 

this sense that the clastic-rich Wealdian deposits in much of Europe as well as the extensive 

Nubian sandstone in the Middle East and Arabian Peninsula both deposited during the 

lower Cretaceous are associated with only limited phosphogenesis. 
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Additional results (other related studies done as part of the present BSF research) 

1) Fluorine (F) geochemistry in Negev phosphorites 

Part of the BSF research was devoted to completion of an electron probe, chemical and 

mineralogical study on the geochemistry of fluorine (F) in the Negev francolites (Soudry 

and Nathan, 2001). F distribution in phosphorites is strongly connected with the scope of 

the BSF project as F plays a key role in regulating CFA precipitation. At such, it controls P 

accumulation in depositing sediments. In addition, preliminary electron probe data have 

shown that F concentration in the Negev CF A is not uniform and that F could be used as a 

sensitive control ofCFA diagenesis during phosphorite formation. 

The results indicate that F concentration (expressed as FIP20 S) 1) considerably vary 

between the various phosphate constituents and even in the same grain, 2) is strongly 

controlled by the phosphorite facies (increasing with CF A maturation from "pristine" to 

"recycled" facies), and 3) is inversely related with the Cd and Zn concentration in 

phosphorite and (to some extent) with the C021F ratio in CFA. All this suggests that CFA 

(or an amorphous precursor) initially forms with some OH groups in the apatite lattice 

which are subsequently substituted by F ions during repeated recycling ofthe pre-formed 

CF A in the uppermost zone of bottom sediments. 

2. Uranium (U) geochemistry in Negev phosphorites 

U distribution in phosphorites is an important as CFA is one of the major sinks for 

U in marine sediments. As such, U is a sensitive control of P accumulation. It was initially 

suggested that U is originally incorporated in CFA as U(IV) (or in both oxidation states) 

and that it is converted to U(VI) by subaerial oxidation. 

The study the U(IV) fraction in the Negev phosphorites (Soudry et al., 2002) led 

however to different results, revealing an apparently paradoxical trend: U(IV) fraction is 

very low in the "pristine", organic-rich laminated phosphorites, whereas it considerably 

increases in the recycled granular phosphorites deposited under more oxidizing sea-bottom 

conditions. Moreover, a lower %U(IV) in phosphorites is coupled with lower REEIP20 S 

and YIP20S ratios, higher Cd and Zn concentrations, less negative Ce/Ce* and EulEu* 

anomalies, a lower HREE (Dy-Er) enrichment, and a lower FIP20 S and higher C021F ratios 

in CFA. This U(IV) trend is interpreted as reflecting varying time-spans of CFA growth, 
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changes in burial rates, and mainl y different residence times of the CF A fraction near the 

sediment-water interface. 

Publications (Research grant: 1990232) 

Soudry, D. and Nathan, Y., 2001. Diagenetic trends off1uorine concentration in Negev 

phosphorites: hnplications for carbonate f1uorapatite composition during 
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Soudry, D., Ehrlich, S., Yoffe, 0., and Nathan, Y., 2002. Uranium oxidation state and 

related variations in geochemistry of phosphorites from the Negev (southern Israel). 

Chem.Geol., 189: 213-230. 

Soudry, D., Segal, I., Nathan, Y., Glenn, C.R., Halicz, L., Lewy, Z., VonderHaar, D.L., 

2004. 44Caf2Ca and 143Nd/l44Nd isotope variations in Cretaceous-Eocene Tethyan 
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32, 389-392. 

Scientiflc presentations. 
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86Sr, 143Ndll44Nd and 44Cat2Ca ןTable 1. CFA samples analyzed f0187Sr 

Isotopic Natural Procedure of CFA Source CFA . Stratig Sample 
measurements sample separation phase interval No 

44CaI NdI ~14ן Srl ~ןןwithout ( -Hand Heating TAC 
42Ca I44Nd 86Sr ) carbonate picking 

+ + + + 1 N . L.Eo OG-5 

+ + + + 1 Mm . L.Eo D4/01 
. n.d + + + 1 S . L.Eo DI0/0l 

+ + + + 1 N . L.Eo D17/01 
+ + + + 1 Mm . L.Eo D32a101 

+ + + + 1 N . L.Eo S1/02a 
+ + + + 1 N . L.Eo S1/02b 
+ + + + 2 P . Ypr S17/02 
+ + + + 3 P . Ypr S18/02 

. n.d + + + 2 P . Mont S19/02 
+ . n.d + + 2 P . U.Ma S16/02 
+ + + + 2 P . U.Ma S20/02 

. n.d + + + 2 P . U.Ma S29/03 
+ + + + 2 P . U.Ma S30/03 
+ + + + 4 P . U.Ma S7/02 

. n.d + + + 1 N . U.Ma OG-4 

+ + + + 1 P:tS . U.Ma S13/02 
+ + + + 1 N . L.Ma S6/02 

. n.d + + + 1 N . L.Ma OG-12 

+ + + + 1 N . L.Ma D8/01 
+ + + + 1 N . L.Ma D26/01 
+ + + + 1 P . L.Ma S5/64-

65a 
. n.d + + + 5 P . U.Ca 85 / AT 

+ . n.d + + 1 N . U.Ca S10/02 
+ . n.d + + 1 Mm . U.Ca D9/01 
+ + + + 1 N . U.Ca D29/01 
+ + + + 1 N . U.Ca 13 Dis 

. n.d . n.d + + 6 P . U.Ca S14/02 

. n.d + + + 6 P . U.Ca S15/02 
+ + + + 6 P . U.Ca D9/98 
+ + + + 6 P . U.Ca S12/02 

. n.d + + + 5 P:tS . U.Ca 45 / SG 

. n.d + + + 1 P . U.Ca OG-9 

. n.d + + + 1 P . U.Ca B21L8 
+ + + + 1 P . U.Ca D12/01 
+ + + + 1 Int . U.Ca D18/01 
+ + + + 1 P . U.Ca B21L7 

. n.d + + + 1 P . U.Ca OG-ll 
+ + + + 5 P:tS . U.Ca 40 / SG 
+ + + + 7 P . U.Ca AS-l 

. n.d + + + 1 S . U.Ca DI1/01 

. n.d + + + 1 P . U.Ca OG-l 

. n.d + + + 1 P . U.Ca B21L5 

. n.d + + + 1 P . U.Ca B21L4 

. n.d + + + 1 P . U.Ca B2/29 

. n.d + + + 1 P . U.Ca B21L2 
+ . n.d . n.d + 1 P . U.Ca 15/31 
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Table 1. (continued) 

Sample . Stratig CFA phase Source Procedure of CF A Natural Isotopic 
No interval separation sample measurements 

TAC Heating -Hand without ( Srl ווa 14J'Ndl 44CaI 
picking ) carbonate 86Sr 144Nd 42Ca 

B21L6 . U.Ca P 1 + + + . n.d 
B21L3 . U.Ca P 1 + + + + 
B21L1 . U.Ca P 1 + + + + 

32 / SG . U.Ca P:tS 5 + + + + 
34 / SG . U.Ca P:tS 5 + + + + 

S1/71 . U.Ca P 1 + . n.d . n.d + 
-72 
D2/01 . U.Ca N 1 + + + + 
D3/01 . U.Ca S 1 + + + + 

38 / SG . U.Ca P+S 5 + + + . n.d 
15 / SG . U.Ca P:tS 5 + + + . n.d 
27 / SG . U.Ca P:tS 5 + + + + 
12 / SG . U.Ca P:tS 5 + + + . n.d 

D34/01p . U.Ca P 1 + . n.d . n.d + 
D34/01s . U.Ca S 1 + . n.d . n.d + 
D14/01 . U.Ca N 1 + + + + 
D15/01 . U.Ca S 1 + + + 
D30101 . L.Ca S 1 + + + + 
D6/01 * Sa-Ca S 1 + + + + 
D27/01 * Sa-Ca S 1 + + + + 
S2/02 * Sa-Ca N 1 + + + . n.d 
32/01p * Sa-Ca P 1 + + + 
32/01s * Sa-Ca S 1 + + + 

18 / ZS . U.Co P+S 1 + + + + 
21 / ZS . U.Co P:tS 1 + + + . n.d 
23 / ZS . U.Co P:tS 1 + + + . n.d 

Ar-2 . L.Co P+S 8 + + + + 
Ar-l0a . L.Co P:t S 8 + + + + 
Ar-l0b . L.Co P:t S 8 + + + + 
Ar-20a . L.Co P+S 8 + + + . n.d 
Ar-21 . L.Co P:t S 8 + + + + 
Ar-20c . L.Co P+S 8 + + + + 
S31/03 . L.Co P:t S 8 + + + + 
S32/03 . L.Co P+S 8 + )+( + + 
6007 . L.Co P:t S 4 + + . n.d + 
6014 . L.Co P:t S 4 + + + + 
S33/03 . M.Tu P+S 8 + + + + 
S34/03 . M.Tu P:t S 8 + + + 
S3/02 M.Tu N 8 + + + + 

01 / DI . U.Ce N 6 + + + + 
S4/02 . U.Ce Mm 9 + + + . n.d 
S5/02 L.Ce Mm 9 + + + . n.d 
D42/01 . L. Alb N 10 + + + + 
D7/01 . L. Alb Mm 1 + + + + 
D43/01 . L. Alb N 10 + + + + 
D49101 . L. Alb N 10 + + + + 
S27/03 . E. Alb N 11 + + + + 
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Table 1. (continued) 

Sample Stratig. CFA Source Procedure ofCFA Natural Isotopic 
No interval phase separation sample measurements 

TAC Heating Hand- (without ~, Srl • "'''NdI ""Ca/ 
picking carbonate) 86Sr I44Nd 42Ca 

D45101 U.Apt. N 10 + + + + 
S26/03 U.Apt. N 11 + + n.d. 
S25103 L. Bar. N 11 + + + + 
S24/03 M. N 11 + + + + 

Haut. 

Eo. - Eocene (undifferentiated); Ypr. - Ypresian; Mont. - Montian; Ma. - Maastrichtian; Ca. - Campanian; 
Sa-Ca* - Santoanian-Campanian transition; Co. - Coniacian; Tu. - Turonian; Ce. - Cenomanian; Alb.­
Albian; Apt. - Aptian; Bar. - Barremian; Haut. - Hauterivian. L. -lower; M. - middle; U. - upper. 
N - nodular; S - skeletal; Mm - megafossil mold; P - pelletal. 
1 - Israel (Negev); 2 - Morocco (Ganntour); 4 - Tunisia (Gafsa); 5 - Greece (Ionian zone); 6 - Egypt (Red 
sea coast); 7 - Jordan (AI Abiad, Resaifa); 8 - Syria (Er Rakheime); 9 - Turkey (Mardin-Mazidagi); 10 - S. 
England (Isle ofWight, Lyme Regis); 11 - SE France (Fosse Vocontien); 12 - Helvetic Alps. 
n.d. - not deterrnined. 
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, Sr 8ך / Sr 8ך Table 2a. Elemental composition of separated (carbonate-free) CFA samples analyzed for 
) v1ajor elements in wt%; minor and trace elements in Ilg g.l (וI44Nd/l44Nd, and &44Ca 

Sr/P CaIP S04 P Ti Fe AI Si02 Sr K Na Mg Ca Sample 
) 10-4 x ( No 

113 2.60 1.5 11.5 73.5 2250 2000 1.3 1300 400 0.53 0.18 30.0 OG-5 
187 2.59 2.2 11.2 n.d 650 275 0.02 2100 170 0.96 0.30 29.1 D4/01 
93 2.52 2.2 13.5 n.d 1000 285 0.68 1250 170 0.34 0.09 34.4 DI7/01 
199 3.06 1.7 11.3 20 900 460 0.54 2250 310 0.87 0.26 34.9 D32a/Ol 
142 2.88 1.9 11.4 23 1160 940 0.14 1620 445 0.76 0.19 32.9 SI/02a 
158 2.99 1.1 11.4 80 9950 2250 0.14 1800 750 0.67 0.15 34.5 S1/02b 
155 2.78 1.4 7.4 24 1.00/0 3650 1.5 1150 3000 0.42 0.25 20.6 S28/03 
120 2.71 0.5 3.5 8 360 725 0.43 420 200 0.13 0.12 9.5 817/02 
165 2.66 5.7 10.9 20 530 700 0.53 1800 320 0.88 0.16 29.0 SI8/02 
121 2.39 1.4 14.0 37 220 300 0.35 1700 55 0.26 0.19 33.5 SI9102 
118 2.59 0.6 5.2 13 700 1100 0.55 615 215 0.12 0.32 13.5 S16/02 
105 2.47 1.2 10.5 27 1050 2250 1.4 1100 485 0.37 0.14 26.0 S20102 
2.52 . n.d 0.6 6.7 204 0.3% 8300 1.6 815 825 0.11 0.75 16.9 S29103 
2.57 . n.d 0.6 6.3 80 0.2% 2500 1.2 835 525 0.09 0.28 16.2 S30103 
319 2.50 1.0 9.6 24 6100 2800 0.83 3070 235 0.45 0.25 24.0 S7/02 
139 2.55 1.6 13.3 26.0 1400 1500 0.77 1850 250 0.54 0.15 34.0 OG-4 
145 2.62 1.0 11.8 14 670 1300 0.70 1720 115 0.55 0.16 31.0 SI3/02 
102 2.70 2.0 12.2 39.0 2300 1900 1.8 1250 545 0.65 0.26 33.0 S6/02 
151 2.57 1.3 14.0 10 600 500 0.25 2120 185 0.63 0.15 36.0 12 / OG 
221 2.77 2.3 12.2 25 915 375 0.19 2700 135 0.65 0.19 33.8 D26/01 
152 2.68 1.8 4.4 21 7000 900 0.37 670 145 0.11 0.062 11.8 S5/64-65a 
153 2.69 1.5 11.5 16 2.2% 1600 0.64 1760 1700 0.64 0.24 31.0 85 / AT 
220 2.59 0.8 13.5 11 1350 510 0.23 2980 135 0.53 0.16 35.0 S10102 
204 2.58 2.0 12.0 n.d 1170 200 0.13 2450 98 0.60 0.19 31 D9101 
186 3.02 0.8 12.2 21 295 355 0.19 2280 170 0.43 0.12 36.9 D29101 
219 2.68 1.7 11.4 25 3000 420 0.42 2500 340 0.87 0.20 30.6 Disl3 
135 2.40 0.9 13.1 9 200 730 0.39 1770 65 0.35 0.11 31.5 S14/02 
121 2.50 0.6 14.0 8 102 340 0.19 1690 43 0.35 0.12 35.0 SI5102 
 D9198 31.5 0.12 0.41 100 1680 0.32 500 230 9 12ה 0.7 2.48 132
124 2.54 0.9 11.8 8 80 160 0.12 1460 415 0.34 0.10 30.0 S12/02 
69 2.48 0.2 6.5 7 0.11 550 0.39 620 60 0.16 0.08 16.1 45 / SG 
104 2.46 0.6 14.4 8 135 380 0.26 1500 65 0.30 0.08 35.5 OG-9 
142 2.53 0.65 11.3 29.2 2700 3100 1.2 1600 585 0.23 0.31 28.6 B2/L8 
113 2.40 2.0 15.0 n.d 54 50 0.13 1700 42 0.40 0.08 36 D12/01 
157 2.85 0.7 12.7 19 280 235 0.13 2000 135 0.37 0.10 36.2 D18/01 
135 2.46 0.65 15.5 22.7 450 570 0.29 2100 200 0.23 0.08 38.2 B2/L7 
124 2.58 0.8 11.8 7 125 135 0.17 1470 26 0.34 0.08 30.5 OG-l1 
153 2.56 0.4 10.0 9 0.06 350 0.39 1530 80 0.26 0.11 25.6 40 / SG 
137 2.48 0.7 13.1 8 115 180 0.15 1800 73 0.37 0.13 32.5 AS-l 
150 2.40 0.9 15.0 15.3 170 100 0.18 2250 85 0.53 0.10 36.0 01 / DII 
150 2.62 1.3 12.0 27.7 930 1900 1.0 1800 270 0.45 0.16 31.5 OG-I 
134 2.40 0.3 11.5 15.7 105 255 0.33 1550 40 0.16 0.04 27.5 B2/L5 
131 2.32 0.4 13.7 24.0 350 855 0.58 1800 150 0.21 0.08 31.8 B21L4 
116 2.40 0.45 15.0 21.0 165 160 . n.d 1750 15 0.20 0.05 36.0 B2/L2 
158 2.45 0.55 15.5 19.0 310 370 0.21 2450 75 0.18 0.06 38.0 B2/L6 
114 2.36 0.4 14.8 21.5 250 530 0.40 1700 85 0.20 0.06 35.0 B2/L3 
114 2.43 0.5 14.8 21.8 180 725 0.26 1700 15 0.25 0.07 36.0 B2/Ll 
94 2.48 0.2 10.5 9 400 1100 0.63 990 70 0.13 0.11 25.7 32 / SG 
92 2.49 0.2 8.9 8 120 1450 0.75 815 185 0.09 0.10 22.2 34 / SG 
140 2.44 1.0 13.5 n.d 345 125 0.19 1900 41 0.45 0.13 33 D3/01 
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Table 2a. (continued) 

Sample Ca Mg Na K Sr Si02 AI Fe Ti P S04 CaIP SrlP 
No · xl0 ( 

) 4 

 SG 26.1 0.05 0.13 65 955 0.36 500 200 8 10.7 0.2 2.43 89ן 38
 SG 17.9 0.12 0.20 165 860 0.68 2300 0.12% 11 7.1 0.3 2.52 121ן 15
 SG 19.5 0.05 0.13 225 760 0.52 600 0.06% 13 7.9 0.2 2.47 96ן 27
 SG 8.8 0.05 0.10 90 440 0.49 1250 0.17% 7 3.4 0.2 2.58 129ן 12
Ol ןD14 35.4 0.17 0.52 95 1950 0.12 72 200 17 12.2 1.7 2.90 160 .. Ol ןD15 34.9 0.12 0.46 95 1580 0.13 150 280 18 12.7 0.9 2.74 124 
ס 30ן 01 32.6 0.07 0.32 80 1650 0.16 160 250 n.d 13.5 0.9 2.42 122 
Ol ןD27 22.7 0.09 0.34 · 170 1250 0.68 1230 1000 n.d 9.2 1.2 2.47 135 

S2I02 33.2 0.20 0.73 460 2150 0.63 900 1800 22.5 12.7 1.7 2.61 169 
 ZS 26.5 0.29 0.43 125 1790 0.76 900 3400 15 10.0 1.4 2.65 179ן 18
 ZS 28.5 0.24 0.48 125 1910 0.74 515 3250 18 10.9 1.6 2.61 175ן 21
 ZS 29.0 0.24 0.49 165 1920 0.53 700 4450 20 10.9 1.8 2.66 176ן 23

Ar-2 36.7 0.11 0.59 61 1570 0.05 53.5 50 24 14.4 1.1 2.54 109 
Ar-10a 35.6 0.12 0.63 66 1560 0.06 68.5 67 23 13.9 1.1 2.56 112 
Ar-l0b 35.2 0.13 0.29 42.5 1580 0.85 235 910 45 14.4 1.1 2.44 110 
Ar-20a 36.3 0.11 0.58 87 1530 0.11 160 64 27 13.5 1.1 2.68 113 
Ar-21 36.4 0.11 0.61 73 1630 0.08 88 68 25 13.5 1.1 2.68 120 
Ar-20c 36.6 0.11 0.61 74.5 1620 0.08 110 55 27 14.0 1.1 2.61 115 

 S31 20.3 0.07 0.34 60 750 0.11 40 190 11 7.3 0.8 2.78 102ן 03
S32103 19.1 0.06 0.24 42 575 0.18 115 250 12 7.1 0.9 2.69 81 
6007 35.6 0.37 1.1% 230 2280 0.08 220 110 23 12.2 2.2 2.91 187 
6014 35.5 0.38 1.08% 240 2370 0.11 315 160 25 12.7 2.2 2.79 187 

 S33 27.1 2.1% 0.14 755 950 1.5 9700 2900 600 9.6 1.7 2.82 98ן 03
 S34 29.7 0.09 0.67 620 1170 0.41 665 120 24 10.6 1.7 2.80 110ן 03

 S3 31.8 0.11 0.87 340 1950 0.32 570 735 15.0 12.8 2.4 2.48 152ן 02
Ol ןDI 15.9 0.19 0.19 165 650 0.44 900 2200 n.d 6.3 0.6 2.52 103 
 S4 27.0 0.12 0.41 710 1100 0.87 1200 2750 31.3 10.4 1.0 2.59 106ן 02
 S5 28.0 0.16 0.54 620 1500 0.62 900 1950 30.0 10.8 1.3 2.59 139ן 02

ס 42ן 01 18.3 0.17 0.10 215 2080 0.77 4600 9850 19 6.5 0.1 2.77 320 
Ol ןD43 34.2 0.09 0.37 70 6360 0.22 775 2700 26 11.8 0.4 2.89 538 
Ol ןD49 28.1 0.16 0.10 190 2320 0.04 4350 8000 22 10.0 0.1 < 2.81 232 
 S27 21.2 0.45 0.06 285 760 1.1 8350 2.2% 15 8.7 0.4 2.43 87ן 03
Ol ןD45 24.5 0.065 0.13 345 1870 0.48 930 3150 16 8.7 0.5 2.81 214 
 S26 20.4 0.16 0.03 220 1400 0.40 1250 7100 19 7.9 0.9 2.58 177ן 03
 S25 7.2 0.10 0.04 235 350 0.32 1700 3800 350 2.9 0.2 2.48 120ן 03
 S24 13.1 1.2% 0.05 115 660 1.5 17000 4.6% 18 5.2 0.4 2.52 127ן 03
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, Table 2b. Elemental composition of separated (carbonate-free) CFA samples analyzed for 87Sr/87Sr 
י 44Ndי/ g g ~ 44Nd, and 844Ca (Trace elements in-י(

Sample Ag As Ba Be Cd Co Cr Cu Mn Mo Ni Pb Th Sb U V 
No 

00-5 0.7 22 20 0.3 20 1 180 15 290 0.8 23 19 0.8 0.6 150 230 
D4/01 0.2 n.d 690 n.d 0.4 <1 28 5 20 0.6 7 4.5 n.d n.d n.d 33 
D17/01 <0.2 n.d 21 n.d 5 <1 26 25 4 3.3 27 7.5 n.d n.d n.d 85 
D32a <0.5 5 775 775 0.3 <2 35 <2 18 0.8 8 2.5 0.1 0.3 81 38 
101 
S1102a 2 4 1380 1380 17 <2 20 8 102 2.2 27 20 0.4 1.3 185 85 
S1/02b 2.7 6 1440 1440 22 <2 33 8 135 6.5 40 22 0.5 1.8 164 100 
S28/03 <0.1 3.5 46 n.d. <0.1 4 80 5 200 3 14 n.d. 2.2 0.1 29 25 
S17/02 <0.1 1.3 200 n.d. 8 <1 40 2.3 5.5 0.2 3.5 n.d. 2 0.1 16 23 
S18/02 <0.1 1.8 320 n.d. 19 <1 75 <1 8 2.5 4 n.d. 15 0.1 27 28 
S19/02 0.1 1.5 55 n.d. 12 <1 150 3.2 3 4 12 n.d. 0.9 0.5 55 100 
SI6/02 0.1 2.5 215 n.d. 14 <1 38 4 12 1.2 8 n.d. 4 0.3 33 21 
S20102 0.2 2.5 485 n.d. 13 <1 85 9.5 6 7.5 14 n.d. 5 0.4 88 43 
S29/03 0.5 4 30 n.d. 12 1 74 7 20 1.5 12 n.d. 6.3 0.4 24 36 
S30103 0.3 3 22 n.d. 6 <1 53 4 8 1 9 n.d. 5 0.3 17 20 
S7/02 <0.1 4 235 n.d. 0.6 3 23 11 94 0.3 17 n.d. 16 0.5 28 40 
00-4 0.4 20 40 0.3 32 1 90 7 7650 0.9 10 12 1.0 0.4 110 68 
S13/02 <0.1 3.5 115 n.d. 0.3 3 43 21 100 0.5 14 n.d. 2.3 0.3 97 28 
S6/02 0.2 10 250 <0.2 0.2 2 95 21 470 0.6 33 27 1.0 2.2 50 53 
00-12 0.4 1.1 185 n.d. 20 <1 40 9 33.5 3.8 8.5 n.d. 0.6 0.2 93 48 
D26/01 <0.1 2 255 n.d. 12 <1 41 9 44 0.7 11 6 1 0.3 72 60 
S5/64- <0.5 30 140 140 11 <2 45 55 13 11 55 15 2.8 3.7 81 25 
65a 
AT/85 0.1 16 73 n.d. 1.3 5 38 12 1000 3 43 n.d. 13 0.4 27 40 
SIOI02 <0.1 5 135 n.d. 10 <1 45 1 63 2.5 20 n.d. 0.2 0.4 55 18 
D9/01 <0.2 n.d 150 n.d 0.4 <1 32.5 <1 80 0.4 13 1.2 n.d n.d n.d 11 
D29/01 3.3 4 110 110 68 <2 42 17 6 8 20 15 0.7 3.4 132 38 
Dis13 <0.5 7 230 230 0.6 <2 40 7 17 1 10 3.5 0.3 1.5 102 25 
S14/02 <0.1 1.3 65 n.d. 1.0 <1 55 5 5 0.3 13 n.d. 3.5 0.1 73 57 
S15/02 <0.1 3.5 140 n.d. 6 <1 40 9 6.5 0.3 4.5 n.d. 0.8 0.2 65 58 
D9/98 <0.1 1.3 79 n.d. 1.0 <1 50 7.9 7 0.5 1 n.d. 4.5 0.1 56 36 
S12/02 <0.1 1.0 415 n.d. 1.0 <1 28 2 6 0.4 3 n.d. 3.5 <0.1 53 31 
SO/45 0.1 0.3 46 n.d. 13 <1 70 3 30 1 5 n.d. 0.2 <0.1 58 51 
00-9 0.3 1.5 65 n.d. 23 <1 40 20 7 1.3 8 n.d. 0.7 0.3 145 165 
B21L8 0.9 7 150 0.6 11 2 130 45 15 12 36 6 4 0.6 140 38 
D12/01 <0.2 n.d 70 n.d 8 <1 13 6 6.5 9.5 1.5 0.9 n.d n.d n.d 97 
D18/01 2 5 93 93 65 <2 33 15 5.5 10 10 15 0.6 3.6 155 50 
B21L7 1.0 4.5 200 0.6 22 <1 44 24 3.8 12 26 10 0.3 1.1 170 26 
00-11 0.1 5.5 26 n.d. 7 <1 65 15 7 1.4 8.5 n.d. 0.5 0.1 135 170 
SG/40 0.5 0.9 115 n.d. 25 <1 60 11 13 3 4 n.d. 1.5 0.1 70 51 
AS-l 0.1 1.0 77 n.d. 3.5 <1 40 4.3 3.8 0.4 1 n.d. 1.2 0.1 45 38 
DI1/01 0.4 5.5 185 1.0 55 1 17 11 5.5 5 7 9 0.3 0.8 85 110 
00-1 0.7 8 300 0.3 25 <1 75 6 37 0.6 8 12 5 0.6 130 60 
B21L5 0.4 1.4 110 0.6 24 <1 34 17 2.2 5 16 3 1.3 0.3 120 85 
B21L4 <0.2 4.0 125 1.2 80 <1 75 53 3 11 75 3 1.0 0.8 1,70 350 
B21L2 <0.2 2.5 160 0.7 94 <1 37 43 2.2 9 24 8 0.9 0.7 210 185 
B21L6 0.2 3.2 290 0.7 27 <1 50 15 3.3 8 25 3 0.2 0.5 155 180 
B21L3 0.2 2.3 145 1.0 50 <1 68 32 2.2 9 41 3 0.5 0.6 200 290 
B21L1 0.2 2.5 290 1.1 97 <1 50 27 3.8 9 28 9 1.0 0.7 160 155 
SO/32 0.4 0.2 78 n.d. 4.8 <1 55 7 3 0.8 44 n.d. 1 0.3 26 8 
SO/34 0.1 1 65 n.d. 4.3 <1 85 4 9 0.6 22 n.d. 2 <0.1 24 15 
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Table 2b. (continued) 

Sample Ag As Ba Be Cd Co Cr Cu Mn Mo Ni Pb Th Sb U V 
No 

03/01 <0.2 n.d 160 n.d 4 ,1 13 2.5 7.5 5.5 7 3.7 n.d n.d n.d 5 
SG/38 <0.1 0.1 55 n.d. 4.5 <1 47 1 3 0.6 200 n.d. 0.4 <0.1 41 18 
SG/15 0.2 0.5 85 n.d. 7 <1 94 9 170 0.5 9 n.d. 3.2 0.2 22 37 
SG/27 0.4 0.3 165 n.d. 3 <1 50 7 6 0.5 225 n.d. 0.3 0.2 18 11 
SG/12 0.5 0.7 1300 n.d. 3.5 <1 80 9 95 1.5 5 n.d. 3.5 0.2 8.5 16 
014/01 <0.5 3 100 100 6.5 <2 22 7 5 7 5 3 <0.1 0.7 117 22 
015/01 4 5 125 125 130 <2 23 15 2.8 13 22 64 0.3 2.8 104 23 
030/01 <0.2 n.d 49 n.d 56 <1 20 8 1 0.6 1 19 n.d n.d n.d 8 
027/01 0.3 n.d 41 n.d 30 <1 26 25 4 3.3 27 7.5 n.d n.d n.d 130 
S2I02 0.4 4.2 320 0.7 20 <1 53 34 9 1.3 12 9 0.4 0.6 60 38 
ZS/18 <0.1 8 55 n.d. 1.1 <1 62 17 6.5 1.7 21 n.d. 2.8 0.5 38 11 
ZS/21 <0.1 13 125 n.d. 1.4 <1 65 20 4.5 1.7 24 n.d. 4 0.6 55 17 
ZS/23 0.1 4 165 n.d. 1.2 <1 75 25 5 2.8 37 n.d. 3.5 0.7 58 22 
ZS/18 <0.1 8 55 n.d. 1.1 <1 62 17 6.5 1.7 21 n.d. 2.8 0.5 38 11 
ZS/21 <0.1 13 125 n.d. 1.4 <1 65 20 4.5 1.7 24 n.d. 4 0.6 55 17 
ZS/23 0.1 4 165 n.d. 1.2 <1 75 25 5 2.8 37 n.d. 3.5 0.7 58 22 
Ar-2 <0.5 6 98 0.5 6 <2 75 15 2.5 0.8 <5 4 0.2 0.5 60 75 
Ar-l0a <0.5 6 105 0.6 23 <2 75 13 7.6 1.4 <5 5 0.2 0.5 52 63 
Ar-l0b 0.6 8 97 0.6 41 <2 120 32 20 0.8 22 1.8 0.1 0.5 61 87 
Ar-20a <0.5 7 96 0.8 18 <2 115 100 6.2 1.2 <5 1.5 0.1 0.6 67 94 
Ar-21 0.5 6 108 0.9 25 <2 85 45 4.8 1.1 <5 7.5 0.3 1.4 66 79 
Ar-20c <0.5 6 100 0.9 15 <2 95 40 8 1.3 5 2.2 0.2 0.6 62 80 
S31/03 0.2 2 60 n.d. 1.5 <1 48 12 3 0.5 68 0.5 0.1 0.2 32 64 
S32/03 0.2 1.5 67 n.d. 14 1 53 17 14 0.4 110 0.8 <0.1 0.2 25 72 
6007 <0.5 <1 22 <0.2 0.3 <2 15 <2 80 0.8 7 1.5 0.1 0.2 38 130 
6014 <0.5 1 29 <0.2 0.3 <2 15 4 94 0.6 <5 2.6 0.3 0.2 44 165 
S33/03 0.2 8 60.5 n.d. 1 1 85 12 13.5 1 20 3 3 0.3 40 120 
S34/03 <0.1 2 63 n.d. 0.4 <1 20 10 3.5 0.4 15 1 8 0.2 43 15 
S3/02 1.5 5.5 45 0.9 46 <1 5 7 1250 0.4 <2 12 8 0.6 5 5 
01101 1.5 n.d 26 n.d 16 7.5 11 10 320 0.9 26 8.5 n.d n.d n.d 11 
S4/02 0.6 2.4 25 0.8 9.5 1 13 3 95 0.1 2 22 1.2 0.7 34 50 
S5102 3.0 3.0 20 0.8 18 1 6 4 155 0.3 4 23 2.5 0.6 50 20 
042/01 8.5 6 450 450 33 <2 10 5 10 0.5 12 24 3.5 1.2 23 23 
043/01 8.5 3 2400 2400 54 <2 10 2 95 1.5 <5 20 1.2 2.7 102 22 
049/01 <0.5 5 425 425 0.15 <2 10 <2 10 0.1 II 13 2.5 0.1 216 6 
S27/03 0.1 2 27 n.d. 0.2 2 68 5 30 0.6 16 n.d. 2.5 0.1 24 60 
045/01 1.5 16 550 550 3.5 <2 10 2 15 1 18 46 2.0 1.8 78 5 
S26/03 0.3 6 14.5 n.d. 0.1 3 64 8 63 2.5 15 17 4 0.4 46 17 
S25103 0.4 1 5.7 n.d. <0.1 <1 11 10 17 0.3 6 6.5 1.5 <0.1 13 4 
S24/03 0.4 2 26 n.d. 0.1 1 83 3 6 0.3 15 n.d. 4 <0.1 20 55 
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Tab1e 2c. E1ementa1 composition of separated (carbonate-free) CFA samp1es ana1yzed for 887Sr/87Sr, 
144Nd/l44Nd and 844Ca (REEs in ~g g.l) 

Samp1e Y La Ce Pr Nd ~מS Eu Tb Gd Dy Ho Er Tm 
No 
OG-5 59 37 16 4.7 18.3 3.4 0.8 4.4 0.75 5.1 1.5 4.4 0.82 
D4/01 n.d 18 4 1.4 6.6 1.1 0.2 0.31 2.2 2.5 0.7 2.6 0.37 
DI7/01 n.d 30 6.5 2.6 12.2 2.1 0.5 0.6 4.1 4.5 1.3 4.5 0.63 
D32a/Ol 35 20 5 2.5 9.9 1.8 0.3 3.0 0.42 2.8 0.72 2.4 0.35 
SI/02a 141 70 21 7.6 29 5.1 1.2 8.7 1.27 9.0 2.46 8.5 1.31 
SI/02b 121 66 21 7.3 7.3 4.7 1.1 8.1 1.16 8.2 2.18 7.5 1.14 
S28/03 23 23 54 5.5 22 4.3 1.2 0.65 4.4 3.5 0.68 1.9 0.29 
SI7/02 53 27 16 4.7 19.7 4.0 0.9 0.75 4.5 4.6 1.0 3.1 0.41 
SI8/02 113 100 118 21.3 85.4 16.4 2.6 2.56 16.3 14.2 3.0 8.9 1.17 
S19/02 34 17 9 2.1 8.6 1.6 0.4 0.38 2.0 2.5 0.7 2.3 0.35 
SI6/02 34 19 23 4.2 17.1 3.5 0.7 0.59 3.6 3.5 0.8 2.3 0.30 
S20102 57 33 30 6.5 26.4 5.3 0.9 0.98 5.8 5.9 1.3 4.1 0.56 
S29/03 32 23 37 6.1 24 4.7 1.3 0.68 4.3 3.8 0.78 2.2 0.35 
S30103 24 18 30 4.9 19 3.8 1.1 0.55 3.4 2.0 0.62 1.7 0.26 
S7/02 538 375 153 70 280 57 II II 62 62 14 39 5.0 
OG-4 24 14 7 2.1 8.4 1.7 0.4 2.0 0.34 2.2 0.62 1.8 0.33 
S13/02 134 68 24 9.0 37.4 7.5 1.5 1.67 9.4 11.1 2.8 9.0 1.3 
S6/02 186 121 34 15 59 10.5 2.5 13.6 2.3 16 4.60 14 2.5 
OG-12 34 17 8 2.5 10 2.1 0.3 0.46 2.6 3.0 0.7 2.4 0.35 
D26/01 n.d 17 14 2.8 II 2.4 0.7 0.51 3.5 3.4 0.81 2.6 0.38 
S5164 84 30 19 5.2 21 4.2 1.0 6.3 0.90 5.9 1.45 4.8 0.72 
-65a 

85 / AT 290 204 385 55 205 42 13.5 7.4 45 43 9.3 27 4.4 
SIOI02 22 14 10 2.0 7.4 1.3 0.2 0.30 1.7 2.1 0.5 1.9 0.30 
D9/01 n.d 4.3 3.7 0.62 2.5 0.45 0.15 0.11 0.72 0.79 0.22 0.83 0.14 
D29/01 37 17 6 2.2 8.4 1.6 0.3 2.7 0.39 2.7 0.71 2.4 0.38 
Disl3 30 17 7 2.0 7.3 1.4 0.3 2.2 0.31 2.1 0.54 1.8 0.27 
S14/02 51 36 29 7.9 27.3 5.3 0.9 0.87 5.4 5.0 1.1 3.4 0.45 
S15102 106 47 18 7.5 29 6.0 1.2 1.32 7.4 8.5 2.1 6.7 0.93 
D9/98 71 48 40 9.0 36.3 7.2 1.3 1.2 7.4 6.8 1.5 4.6 0.60 
S12/02 38 27 24 5.6 22.7 4.6 0.8 0.73 4.6 4.1 0.9 2.6 0.34 

45 / SG 18 10 11 4.3 5.8 1.0 0.3 0.20 1.2 1.3 0.34 0.9 0.15 
OG-9 27 II 6 1.6 6.5 1.3 0.2 0.30 1.7 2.0 0.5 1.7 0.24 
B2/L8 130 57 33 9.8 39 8.3 2.0 10.1 1.7 11.6 3.2 9.5 1.7 
D12/01 n.d 9.8 3.3 1.13 4.9 0.92 0.25 0.25 1.66 1.83 0.51 1.78 0.25 
D18/01 46 20 4 2.6 10 2.0 0.4 3.3 0.49 3.3 0.87 3.0 0.46 
B2/L7 117 62 21 10 41 8.5 1.7 10.6 1.8 12.2 3.4 10 1.8 
OG-ll 30 11 5 1.5 6.3 1.3 0.3 0.30 1.7 2.0 0.5 1.8 0.26 

40 / SG 81 29 21 6.9 20 4.1 1.3 0.92 5.1 6.1 1.56 4.9 0.82 
AS-I 40 19 10 3.4 11.9 2.3 0.5 0.48 2.7 3.0 0.7 2.4 0.32 
DII101 30 12 5 1.4 5.6 1.1 0.3 1.4 0.26 1.9 0.57 1.8 0.34 
OG-l 86 50 30 9.4 38 8.0 1.7 9.0 1.5 9.4 2.4 6.9 1.2 
B2/L5 30 12 6 1.7 6.8 1.3 0.3 1.8 0.31 2.2 0.64 2.0 0.36 
B21L4 32 11 7 1.6 6.7 1.4 0.4 1.7 0.30 2.1 0.59 1.8 0.33 
B2/L2 38 14 7 2.0 8.1 1.6 0.4 2.1 0.36 2.5 0.72 2.2 0.40 
B2/L6 30 14 6 2.0 8.1 1.6 0.3 2.1 0.36 2.5 0.74 2.3 0.42 
B2/L3 32 II 5 1.4 5.8 1.2 0.3 1.5 0.27 1.9 0.55 1.7 0.31 
B2/LI 44 15 9 2.3 9.4 1.9 0.5 2.4 0.41 2.8 0.82 2.5 0.45 

32 / SG 21 8.4 10 1.6 6.2 1.2 0.4 0.25 1.4 1.6 0.40 1.3 0.22 
34 / SG 26 12 19 4.8 11 2.2 0.7 0.39 2.2 2.3 0.57 1.6 0.27 

D3/01 n.d 7.6 2.0 0.64 2.7 0.51 0.2 0.16 1.03 1.34 0.40 1.6 0.26 

Yb Lu 

4.6 0.77 
2.4 0.38 
3.9 0.62 
2.0 0.33 
8.3 1.36 
7.2 1.17 
1.48 0.22 
2.6 0.49 
7.5 1.4 
2.4 0.50 
1.9 0.37 
3.6 0.69 
1.82 0.28 
1.38 0.21 
29.6 5.3 
1.8 0.30 
8.5 1.7 
13.8 2.3 
2.3 0.46 
2.5 0.42 
4.5 0.75 

23 3.5 
2.2 0.47 
1.07 0.20 
2.5 0.44 
1.8 0.30 
2.0 0.54 
6.0 1.2 
3.8 0.71 
2.1 0.39 
0.90 0.14 
1.6 0.35 
8.9 1.5 
1.76 0.30 
2.9 0.52 
9.2 1.6 
1.7 0.37 
4.50 0.75 
2.1 0.41 
1.8 0.33 
6.0 0.99 
2.0 0.36 
1.7 0.31 
2.1 0.38 
2.2 0.39 
1.7 0.30 
2.5 0.43 
1.25 0.21 
1.51 0.24 
2.1 0.39 
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Table 2c. (continued) 

Sample Y La Ce Pr Nd Sm Eu Tb Gd Oy Ho Er Tm Yb Lu 
No 
SG/38 17 6.6 7.5 4.0 4.5 0.9 0.3 0.19 1.0 1.1 0.32 0.9 0.16 0.90 0.15 
SG/15 62 39 75 9.7 40 8.0 2.7 1.35 8.1 7.9 1.71 5.0 0.83 4.41 0.68 
SG/27 5 1.7 1.2 0.30 1.2 0.25 <0.1 0.05 0.3 0.3 0.09 0.3 0.05 0.29 0.05 
SG/12 35 23 48 6.5 27 5.8 1.6 0.94 5.5 5.5 1.14 3.4 0.55 2.93 0.44 
014/01 18 7.1 2.0 0.7 2.5 0.47 0.1 0.9 0.14 1.0 0.30 1.2 0.20 1.4 0.27 
015101 15 6.5 2.6 0.7 2.4 0.48 0.1 0.8 0.13 0.9 0.26 1.0 0.18 1.3 0.25 
030101 n.d 54 19 6.2 29 5.3 1.1 1.2 8.9 8.2 2.0 6.7 0.91 5.8 0.96 
027/01 n.d 140 97 23 103 19 4.0 3.4 27 20 4.4 13.5 1.7 9.7 1.5 
S2/02 17 9 4 1.1 4.5 0.9 0.2 1.1 0.19 1.3 0.36 1.1 0.19 1.0 0.19 
ZS/18 144 75 39 11 46 9.4 2.0 2.0 11.4 12.8 3.1 9.6 1.32 8.5 1.7 
ZS/21 223 123 53 18 73 15.0 3.1 3.2 18.3 20.0 4.8 14.6 1.95 12.2 2.4 
ZS/23 225 124 53 18 73 14.8 3.0 3.2 18.2 19.9 4.7 14.4 1.91 11.9 2.3 
Ar-2 35 14 3.5 1.7 6.3 1.15 0.3 2.0 0.29 2.0 0.52 1.8 0.26 1.6 0.26 
Ar-l0a 39 15 3.8 1.7 7 1.28 0.3 2.2 0.32 2.2 0.59 2.0 0.29 1.8 0.32 
Ar-l0b 39 15 3.9 1.8 7.2 1.30 0.3 2.3 0.33 2.3 0.61 2.1 0.30 1.9 0.33 
Ar-20a 38 14 3.6 1.7 6.4 1.17 0.3 2.0 0.29 2.0 0.54 1.8 0.27 1.7 0.29 
Ar-21 36 13 3.9 1.7 6.1 1.11 0.1 2.0 0.28 1.9 0.51 1.7 0.25 1.6 0.27 
Ar-20c 39 15 3.8 1.9 6.5 1.18 0.3 2.1 0.30 2.0 0.66 1.8 0.27 1.7 0.29 
S31103 n.d. 4.8 1.7 0.5 2.1 0.4 0.1 0.10 0.7 0.75 0.20 0.67 0.09 0.61 0.11 
S32/03 n.d. 3.8 1.4 0.4 1.7 0.3 0.1 0.08 0.6 0.59 0.15 0.53 0.07 0.48 0.08 
6007 6.5 5.7 3.1 0.8 2.8 0.50 0.3 0.8 0.10 0.6 0.13 0.4 0.05 0.3 0.049 
6014 12 10 6 1.7 6.3 1.20 0.3 1.7 0.22 1.2 0.28 0.8 0.11 0.6 0.094 
S33/03 n.d. 87 49 13 56 11 2.4 1.7 14 9.8 2.0 5.9 0.67 4.2 0.60 
S34/03 n.d. 141 127 28 117 26 6.4 4.4 34 26 5.5 16.2 2.0 12 1.85 
S3/02 410 505 1420 220 880 200 45 165 24 105 19 37 4.0 15 1.9 
01101 n.d 98 145 22 103 19 4.2 3.1 27 16 3.1 8.2 0.87 4.8 0.66 
S4/02 24 19 17 3.4 13.3 2.5 0.7 2.8 0.42 2.4 0.58 1.5 0.24 1.1 0.16 
S5102 48 55 85 14 56 10.8 2.5 10.8 1.6 8.2 1.7 3.9 0.53 2.1 0.28 
042101 505 480 665 120 470 88 18 85 16 86 16 41 4.0 18 2.1 
043/01 590 440 605 100 390 75 15 83 15 84 18 49 5.4 29 4.0 
049/01 635 755 830 190 800 142 27 143 23 117 21 52 4.9 24 3.1 
S27/03 35 35 68 8.1 25 4.3 1.3 0.71 4.7 3.9 0.83 2.3 0.34 1.60 0.22 
045/01 405 585 460 145 615 11 13 100 16 74 13 31 2.8 14 1.8 
S26/03 n.d. 73 153 15 60 11 2.4 1.5 14 7.8 1.5 4.2 0.44 2.4 0.33 
S25103 n.d. 24 50 7.2 32 7.0 1.7 1.2 9.5 6.6 1.2 3.1 0.29 1.4 0.18 
S24/03 55 38 55 8.4 35 7.4 2.1 1.21 7.7 6.6 1.34 3.6 0.50 2.28 0/32 
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Table 3. Sr isotopic composition and numerical Sr ages of separared (carbonate-free) CFA samples 

Sample CFA Biostr. ° Sr/ooSr Sr Fe Mn CO2 Sr/P Ca/P (La/ (Sm/ Cel 
no phase Age l age (ppm) (ppm) (wt%) (xIO- Sm)N Yb)N Ce* 

(Ma) (Ma) 4) 

OG-5 N 46 0.707842 33.18 2250 290 5.4 113 2.60 1.98 0.40 -
0.000013 0.62 

D4/01 Mm 46 0.707774 44.50 650 20 3.9 187 2.59 2.94 0.25 -
0.000002 0.89 

DI0101 S 46 0.707863 32.79 n.d. n.d. 3.2 179 2.59 n.d n.d n.d 
0.000015 

D17/01 N 46 0.707758 69.89 1000 4 5.7 133 2.52 2.57 0.29 -
0.000014 0.91 

32a101 Mm 46 0.707780 46.02 900 18 6.1 199 3.06 1.99 0.49 -
0.000014 0.87 

S1/02a N 50 0.707739 50.54 1160 102 5.3 142 2.64 2.47 0.36 -
0.000014 0.77 

S28/03 p 53 0.707979 30.11 1.0% 200 n.d. 155 2.78 0.96 1.60 + 
0.000014 0.02 

SI7/02 p 53 0.708028 28.89 360 5.5 n.d. 120 2.71 1.21 0.84 -
0.000012 0.53 

S18/02 p 53 0.707823 33.57 530 8 4.4 165 2.66 1.09 1.20 -
0.000011 0.25 

S19/02 p 60 0.708254 24.05 220 3.2 2.9 121 2.39 1.92 0.35 -
0.000012 0.53 

SI6/02 p 66 0.708427 20.48 700 12 4.0 118 2.59 0.98 1.00 -
0.000014 0.25 

S20102 p 66 0.708507 19.19 1050 6 2.4 105 2.47 1.12 0.80 -
0.000014 0.36 

S29/03 p 66 0.708423 20.54 0.3% 20 2.3 121 2.52 0.88 1.42 -
0.000014 0.15 

S30103 p 66 0.708419 20.61 0.2% 8 2.6 132 2.57 0.83 1.51 -
0.000014 0.13 

S7/02 P 67 0.707806 66.68 6100 94 5.3 319 2.50 1.18 1.04 -
0.000012 0.69 

OG-4 N 67 0.707798 67.20 1400 7650 5.3 139 2.55 1.48 0.57 -
0.000014 0.45 

S13/02 P:tS 68 0.707785 68.21 670 100 5.1 1.:t5 2.62 1.62 0.48 -
0.000012 0.72 

OG-12 N 70.5 0.707752 70.31 600 33.5 6.0 151 2.57 1.45 0.49 -
0.000012 0.50 

D8/01 N 70.5 0.707745 70.64 n.d. n.d. 6.0 145 2.58 n.d n.d n.d 
0.000012 

S6/02 N 70 0.707773 69.05 2300 470 5.8 102 2.70 2.08 0.41 -
0.000013 0.81 

D26/01 N 71 0.707741 70.82 915 44 5.6 221 2.77 1.25 0.53 -
0.000014 0.37 

D29/01 N 71 0.707701 71.97 295 6 5.9 186 2.62 1.90 0.35 -
0.000015 0.71 

S564- P 71 0.707686 72.76 7000 13 6.1 152 2.68 1.28 0.51 -
65a 0.000013 0.48 
AT-85 p 71.5 0.707735 71.08 2.2% 1000 3.8 153 2.69 0.97 1.00 -

0.000012 0.07 
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Tab1e 3. (continued) 

Samp1e CFA Chrono Sr ס~/ Sr /~ Sr Fe Mn CO2 Sr/P Ca/P La/ ( Srn/ ( Cel 
no phase . str 

age l 

) Ma ( age ) ppm ( * Ce Yb)N Sm)N x ( )% wt ( ) ppm ( 
) 10-4 

) Ma ( 
- S10 N 71.5 0.707727 71.38 1350 63 5.2 220 2.59 1.95 0.32ן 02

0.000012 0.41 
ס 9ן 01 Mm 72 0.707713 71.87 1170 80 6.1 204 2.58 1.72 0.22 -

0.000013 0.34 
S14/02 72 0.707834 65.06 200 5 . n.d 135 2.40 1.22 1.44 -

0.000014 0.40 
S15/02 P 72 0.707807 66.64 102 6.5 4.4 121 2.50 1.41 0.64 -

0.000012 0.70 
D9198 P 72 0.707826 65.84 230 7 4.2 132 2.48 1.20 1.03 -

0.000012 0.38 
S12/02 P 72 0.707748 70.50 80 6 4.5 124 2.54 1.04 1.20 -

0.000012 0.37 
13 Dis N 72 0.707710 71.97 3000 17 5.9 219 2.68 2.18 0.43 -

0.000014 0.63 
45 / SG P:tS 72 0.707763 69.68 1100 30 2.8 95 2.47 1.76 0.77 -

0.000014 0.23 
OG-9 P 72 0.707708 72.03 135 7 3.8 104 2.46 1.52 0.44 -

0.000012 0.54 
ס 12ן 01 P 72 0.707705 72.13 54 6.5 5.4 113 2.40 1.92 0.28 -

0.000014 0.74 
D18/01 מI 72 0.707694 72.49 280 5.5 4.5 157 2.65 1.80 0.38 -

0.000015 0.96 
OG-l1 P 73 0.707743 74.50 125 7 5.6 124 2.58 1.52 0.41 -

0.000012 0.61 
- SG P::tS 73 0.707690 72.62 600 13 3.8 153 2.56 1.27 0.49ן 40

0.000012 0.42 
AS-l P 73 0.707835 65.25 115 4.3 4.0 137 2.48 1.48 0.60 -

0.000014 0.49 
01 / DII S 73 0.707832 65.50 170 5.5 2.2 150 2.40 1.96 0.33 -

0.000014 0.64 
OG-l P 73 0.707811 66.47 930 37 5.0 150 2.62 1.11 0.73 -

0.000015 0.53 
B21L3 P 73 0.707663 73.54 250 2.2 3.1 114 2.36 1.63 0.39 -

0.000013 0.60 
B21L4 P 73 0.707679 73.00 350 3 3.1 131 2.32 1.40 0.45 -

0.000014 0.47 
B21L7 P 72 0.707694 72.49 450 3.8 3.8 135 2.46 1.30 0.50 -

0.000013 0.75 
B21L8 P 72 0.707708 72.03 2700 15 4.1 142 2.53 1.23 0.51 -

0.000014 0.53 
B2IL2 p 73.5 0.707670 73.30 165 2.2 • d מ. 116 2.40 1.57 0.42 -

0.000014 0.58 
B2IL1 P 74 0.707664 73.50 180 3.8 3.2 114 2.43 1.41 0.41 -

0.000014 0.51 
B21L5 P 73 0.707633 74.66 105 2.2 2.9 134 2.40 1.67 0.35 -

0.000013 0.58 
- SG P:tS 75 0.707638 74.46 400 3 3.3 94 2.44 1.28 0.52ן 32

0.000012 0.23 
- SG P:tS 75 0.707633 ) 74.66 120 9 3.2 91 2.49 0.97 0.79ן 34

0.000012 0.13 
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Table 3. (continued) 

Sample CFA Chrono oSr ~ ISr/ ~ Sr Fe Mn CO2 SrlP CaIP La/ ( Sm/ ( Cel 
* Ce Yb)N Sm)N x ( )% wt ( ) ppm ( ) ppm ( age . str phase no 

) 10-4 ) Ma ( age l 

) Ma ( 
D2/01 N 75 0.707706 72.10 . n.d n.d 5.3 n.d n.d n.d n.d n.d 

0.000014 
D3/01 S 75 0.706676 73.10 345 7.5 3.8 140 2.44 2.68 0.13 -

0.000002 0.81 
38 / SG P:tS 75 0.707624 75.04 200 3 3.4 89 2.43 1.31 0.55 -

0.000015 0.24 
15 / SG P:tS 75 0.707623 75.09 1200 170 4.1 121 2.52 0.87 0.99 -

0.000014 0.07 
- SG P:tS 75 0.707617 75.35 600 6 3.9 96 2.46 1.22 0.46ן 27

0.000012 0.47 
12 / SG P:tS 76 0.707602 76.04 1700 95 4.5 129 2.58 0.72 1.08 -

0.000012 0.05 
D14/01 N 78 0.707652 73.93 200 5 6.0 160 2.70 2.85 0.17 -

0.000013 0.79 
D15/01 S 78 0.707663 73.54 280 2.8 6.2 124 2.70 2.61 0.19 -

0.000013 0.64 
D30101 S 81 0.707665 73.45 250 1 3.6 122 2.42 1.83 0.50 -

0.000015 0.72 
D6/01 S 83 0.707611 75.62 . n.d n.d 3.0 n.d n.d n.d n.d n.d 

0.000013 
D27/01 S 83 0.707551 78.78 1000 4 5.7 135 2.47 1.32 1.07 -

0.000014 0.42 
S2/02 N 83 0.707618 75.31 1800 9 6.0 169 2.61 1.80 0.50 -

0.000011 0.61 
18 / ZS P:tS 86 0.707652 73.93 3400 6.5 6.1 179 2.65 1.43 0.60 -

0.000012 0.36 
21 / ZS P:tS 86 0.707637 74.50 3250 4.5 5.4 175 2.61 1.47 0.67 -

0.000014 0.64 
23 / ZS P:tS 86 0.707637 74.50 4450 5 5.2 176 2.66 1.49 0.68 -

0.000014 0.64 
Ar-2 P:tS 88 0.707610 75.83 50 2.5 . n.d 109 2.54 2.19 0.39 -

0.000015 0.86 
Ar-l0a P:tS 88 0.707600 76.31 67 7.6 4.8 112 2.56 2.11 0.38 -

0.000015 0.86 
Ar-20a P:tS 88 0.707590 76.64 64 6.2 4.7 113 2.68 2.28 0.38 -

0.000013 0.84 
Ar21 P:tS 88 0.707578 77.25 68 4.8 4.7 120 2.68 2.11 0.38 -

0.000014 0.78 
S31/03 P:tS 88 0.707619 75.26 190 3 4.7 102 2.77 2.20 0.35 -

0.000013 0.70 
S32/03 P:tS 88 . n.d n.d 250 14 3.9 94 2.44 2.44 0.32 -

0.70 
6007 P:tS 88 0.707311 88.79 110 80 6.0 187 2.91 2.05 0.90 -

0.000013 0.53 
6014 P:tS 88 0.707310 88.82 160 94 5.8 187 2.79 1.50 1.09 -

0.000015 0.51 
S33/03 P:tS 91 0.707598 76.41 2900 13.5 4.4 99 2.82 1.42 1.43 -

0.000013 0.53 
S34/03 P:tS 91 0.707462 84.14 120 3.5 5.6 91 2.49 0.97 4.04 -

0.000013 0.36 
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Table 3. (continued) 

Sample CFA Chrono o'Sr/ooSr Sr Fe Mn CO2 SrlP CaIP (LaI (SrnI Cel 
no phase str. ( %0) age (ppm) (ppm) (wt% ) (x Sm)N Yb)N Ce* 

age l (Ma) 10.4) 

(Ma) 
S3/02 N 91 0.707408 86.24 735 1250 6.1 152 2.48 0.45 7.2 0.00 

0.000013 
DI101 N 94 0.707475 83.55 2200 320 5.7 104 2.52 0.93 2.16 -

0.000012 0.19 
S3/02 N 91 0.707408 86.24 735 1250 6.1 152 2.48 0.45 7.2 0.00 

0.000013 
DI101 N 94 0.707475 83.55 2200 320 5.7 104 2.52 0.93 2.16 -

0.000012 0.19 
S4/02 Mm 96 0.707438 85.15 2750 95 5.7 106 2.59 1.38 1.22 -

0.000013 0.34 
S5/02 Mm 96 0.707443 84.95 1950 155 6.0 139 2.59 0.91 2.83 -

0.000013 0.16 
D42/01 N 106 0.707506 81.80 9850 10 3.0 210 2.65 0.98 2.67 -

0.000014 0.20 
D7/01 Mm 106 0.707855 32.98 n.d. n.d. 6.1 n.d n.d n.d n.d n.d 

0.000012 
D43/01 N 106 0.707602 76.04 2700 95 4.2 200 2.63 1.05 4.55 -

0.000015 0.19 
D49/01 N 106 0.707544 79.25 8000 10 3.3 214 2.59 0.95 3.25 -

0.000014 0.31 
S27/03 N 110 0.707764 69.61 2.2% 30 2.0 87 2.43 1.45 148 -

0.000012 0.01 
D45/01 N 114 0.707508 81.68 3150 15 3.4 212 2.59 n.d n.d -

0.000013 0.46 
S26/03 N 114 0.707688 72.69 7100 63 5.6 177 2.58 1.21 2.51 0.00 

0.000014 
S25/03 N 125 0.707631 74.75 3800 17 2.3 123 2.52 0.51 2.77 -

0.000014 0.08 
S24/03 N 130 0.707660 73.64 4.6% 6 2.3 127 2.52 0.92 1.75 -

0.000014 0.17 

I estimated chronostratigraphic ages according to the stratigraphic position of the samples in time scales of 
Gradstein et al. (1995) and Berggren et al. (1995). 
In bold - samples for which chronostratigraphic and Sr ages are matching 
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Table 4. (continued) 

. I44Nd and 844Ca results in separated CFA fractions 86ןSr, 143/Nd ןSr 4 . 8ך Table 

0\ 
Vכ

) %0 ( 1)44Ca (חENd 4·"NdI ' 4'SmI ' 4J'NdI'''''Nd ' Sm Nd CeI SmI ( LaI ( CalP Sr/P C02 CFA T . Str . A Sample 

2cr ::!: 2cr ::!: ) I44Nd('r ) I44Nd(T ) 10-6 2cr x ::!:( ) /lg g.l ( ) /lg g.l ( * Ce Yb)N Sm)N ) 10-4 x ( )% wt ( phase ) Ma ( no 
) 10.6 :1: 2cr x ( ) measured ( 

0.26:1:0.11 3 . -7.0::!:O 16 0.512282:1: 0.1124 16 ::!: 0.512320 3.4 18.3 -0.62 0.40 1.98 2.60 113 5.4 N ) ( 46 . L.Eo I 00-5 

08 . 0.42::!:O 0.2 ::!: -7.5 10 ::!: 0.512255 0.1008 10 ::!: 0.512285 1.1 6.6 -0.89 0.25 2.94 2.59 167 3.9 Mm "' 46 . L.Eo 1 04/01 

. n.d 0.2 ::!: -7.5 10 0.512254:1: 0.1071 8 ::!: 0.512286 )"( 0.187 -( 1.056 . n.d . n.d . n.d 2.59 179 3.2 S ) ( 46 . L.Eo 1 010/01 

04 . 0.39 ::!:O 3 . -7.4::!:O 16 ::!: 0.512256 0.1149 16 ::!: 2291 1 0.5 1.9 10.0 -0.91 0.29 2.57 2.52 133 5.7 N )"( 46 . L.Eo 1 017/01 

0.52:1:0.12 4 . -7.9::!:O :1:22 0.512235 0.1100 0.512268::!:22 1.8 9.9 -0.87 0.49 1.99 3.06 199 6.1 Mm )'( 46.0 . L.Eo 1 32a101 

04 . 0.38 ::!:O 2 . -7.8::!:O 10 ::!: 0.512238 0.1064 10 ::!: 0.512272 5.1 29.0 -0.77 0.36 2.47 2.64 142 5.3 N ) ( 50.5 . L. Eo 1 02a ווS 

03 . 0.27 ::!:O 0.2 ::!: -9.4 12 0.512156:1: 0.1228 12 ::!: 0.512199 4.0 19.7 -0.53 0.84 1.21 2.71 120 . n.d P 1 { 53 . L.Eo 2 SI7/02 

09 . 0.35 ::!:O 0.2 ::!: IO.O -10 0.512124:1: 0.1162 10 ::!: 0.512164 16.4 85.4 -0.25 1.20 1.09 2.66 165 4.4 P ' 53 . L.Eo 3 SI8/02 

. n.d 0.3 ::!: -8.9 16 0.512182:1: 0.1125 16 0.512228:1: 1.6 8.6 -0.53 0.35 1.92 2.39 121 2.9 P 1 ' 60 . L.Eo 2 SI9/02 

0.36:1:0.12 . n.d . n.d . n.d . n.d 3.5 17.1 -0.25 1.00 0.98 2.59 118 4.0 P 1 /' 66 . U.Ma 2 SI6/02 

04 . 0.34::!:O :1:0.2 -9.6 10 ::!: 0.512146 0.1214 10 ::!: 0.512198 5.3 26.4 -0.36 0.80 1.12 2.47 105 2.4 P 1 ' 66 . U.Ma 2 S20102 

. n.d 2 . -10.l::!:O 10 ::!: 0.512122 0.1185 10 ::!: 0.512173 4.7 24 -0.15 1.42 0.88 2.52 121 2.3 P " 66 . U.Ma 2 S29/03 

0.23 ::!:O.OI -10.6:1:0.2 10 ::!: 0.512093 0.1210 10 0.512145:1: 3.8 19 -0.13 1.51 0.83 2.57 132 2.6 P " 66 . U.Ma 2 S30103 

06 . 0.27 ::!:O 2 . -7.8::!:O 10 ::!: 0.512236 0.1231 10 0.512290:1: 57 280 -0.69 1.04 1.18 2.50 319 5.3 P 66.7(LII . U.Ma 4 S7/02 

. n.d 0.3 ::!: -6.8 18 0.512291:1: 0.1124 10 ::!: 0.512345 1.7 8.4 -0.45 0.57 1.48 2.55 139 5.3 N »-( 67.2 . U.Ma 1 00-4 

06 . 0.24::!:O 0.3 ::!: -6.3 16 ::!: 0.512317 0.1213 16 ::!: 2371 0.5 I 7.5 37.4 -0.72 0.48 1.62 2.62 145 5.1 P:l:S 11 ' 68.2 . U.Ma I SI3/02 

:1:0.06 0.23 2 . -7.4::!:O 10 ::!: 0.512259 0.1077 10 0.512316:1: 10.5 59 -0.81 0.41 2.08 2.70 102 5.8 N »-( 69.0 . L.Ma I S6/02 

. n.d 0.3 ::!: -7.1 14 ::!: 0.512275 0.1270 14 0.512333:1: 2.1 10.0 -0.50 0.49 1.45 2.57 151 6.0 N » 70.3(L . L.Ma I 00-12 

:1:0.01 0.28 2 . -7.8::!:O 10 ::!: 0.512236 0.1175 10 0.512290:1: )-( 0.101 ) 2 ( 0.520 . n.d . n.d . n.d 2.58 145 6.0 N »-( 70.6 . L.Ma 1 08/01 

0.28 ::!:O.OI 2 . -6.9 ::!:O 16 ::!: 0.512282 0.1391 16 0.512342:1: 2.4 11 -0.37 0.53 1.25 2.77 221 5.6 N 70.8'lI1 . L.Ma 1 026/01 

17 . 0.36 ::!:O 0.2 ::!: -7.3 10 ::!: 0.512264 0.1210 10 ::!: 0.512322 4.2 21.0 -0.48 0.51 1.28 2.68 152 6.1 P / 1 ( 71 . L.Ma I S564-
65a 



Table 4. (continued) 

0\ 
 ..::ן..

Sample A. Str. T CFA CO2 Sr/P CalP (LaI (SmI CeI Nd Sm '4:"NdI '44Nd I"SmI '4:"NdI eNd('I') /)44Ca (%0) 
no (Ma) phase (wt%) (x 10-4) Sm)N Yb)N Ce* (~g g.l) (~g g.l) (:!: 20' X 10-6) I44Nd(T) I44Nd(T) :!: 20' :!: 20' 

(measured) (+2O'x 10-6) 
AT-85 5 U.Ca. 71.I(L)} P 3.8 153 2.69 0.97 1.00 -0.07 205 42 0.512152:!: 10 0.1239 0.512093:!: 10 -10.6:t 0.2 n.d. 

SIOI02 I U.Ca. 71.4'L)) N 5.2 220 2.59 1.95 0.32 -0.41 7.4 1.3 n.d. n.d. n.d. n.d. 0.35:t 0.02 

09101 I U.Ca. 71.9'")) Mm 6.1 204 2.58 1.72 0.22 -0.34 0.084(') 0.016(3) 0.512205:!: 20 0.1152 0.512151 :!:20 -9.5 :t 0.4 0.49:t 0.00 

029/01 1 L.Ma. 72.0(l)) N 5.9 186 2.62 1.90 0.35 -0.71 8.4 1.6 0.512362:t 10 0.1152 0.512308:t 10 -6.4:t 0.2 0.39 :t0.07 

Ois 13 1 U.Ca. 72.0(L)) N 5.9 219 2.68 2.18 0.43 -0.63 7.3 1.4 0.512363:t 10 0.1160 0.512308:t 10 -6.4:t 0.2 0.32:t 0.10 

SI5102 7 U.Ca. 72'/1 P 4.4 121 2.50 1.41 0.64 -0.70 29.0 6.0 0.512390:!: 16 0.1252 0.512333:!: 16 -6.0:!: 0.3 n.d. 

SI2I02 1 U.Ca. 72'1 P 4.5 124 2.54 1.04 1.20 -0.37 22.7 4.6 0.512399:!: 10 0.1226 0.512343:!: 10 -5.8:!: 0.2 0.33 :!:0.01 

09198 6 U.Ca. 72( ) P 4.2 132 2.48 1.20 1.03 -0.38 36.3 7.2 0.512409:!: 12 0.1200 0.512354:!:12 -5.5:!: 0.2 0.27 :!:0.07 

SO/45 5 U.Ca. 72(/1 P:!:S 2.8 95 2.47 1.76 0.77 -0.23 5.8 1.0 0.512270:!: 12 0.1043 0.512222:!: 12 -8.1 :!: 0.2 n.d. 

00-9 I U.Ca. 72.0( » P 3.8 104 2.46 1.52 0.44 -0.54 6.5 1.3 0.512329:!: 18 0.1210 0.512272:!: 18 -7.1 :!: 0.3 n.d. 

B2/L8 I U.Ca. 72.0") P 4.1 142 2.53 1.23 0.51 -0.53 39 8.3 0.512336:!: 8 0.1287 0.512274 :t 8 -7.1:!:0.2 n.d. 

012101 I U.Ca. 72.1-» P 5.4 113 2.40 1.92 0.28 -0.74 0.068(3) 0.012(3) 0.512373:!:42 0.1067 0.512323:!:42 -6.2:!: 0.8 0.45:!: 0.02 

B2I29 I U.Ca. 72.1 » P n.d. n.d. n.d. n.d. n.d. n.d. 0.296(") 0.062(") 0.512349:!: 13 0.1264 0.512289:t 13 -6.8 :!:0.2 n.d. 

018/01 I U.Ca. 72.5-» ln 4.5 157 2.65 1.80 0.38 -0.96 10.0 2.0 0.512357:!: I 0.1210 0.512300:!: I -6.6:!: 0.2 0.35 :!:0.04 

B2IL7 1 U.Ca. 72.5-» P 3.8 135 2.46 1.30 0.50 -0.75 41.0 8.5 0.512356:!: 10 0.1254 0.512297:!: 10 -6.7:!: 0.2 0.19:!: 0.06 
I 

00-11 I U.Ca. 73(1) P 5.6 124 2.58 1.52 0.41 -0.61 6.3 1.3 0.512345:!: 16 0.1248 0.512284:!: 16 -6.9:!: 0.3 n.d. 

SO/40 5 U.Ca. 72.6(- P:!:S 3.8 153 2.56 1.27 0.49 -0.42 20 4.1 0.512306:!: 12 0.1240 0.512247:!: 12 -7.6:t 0.2 0.25 :!:0.07 I 

AS-I 7 U.Ca. 73( ) P 4.0 137 2.48 1.48 0.60 -0.49 11.9 2.3 0.512384:!: 16 0.1169 0.512328:!: 16 -6.0:!: 0.2 0.44:!:0.13 

15/31 I U.Ca. 73( ) P n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.34 :!:0.08 

011/01 I U.Ca. 73( ) S 2.2 150 2.40 1.96 0.33 -0.64 5.6 1.1 0.512303:!:24 0.1188 0.512246:!: 24 -7.6:!:0.4 n.d. 

00-1 I U.Ca. 73( P 5.0 150 2.62 1.11 0.73 -0.53 38 8 0.512351 :!: 10 0.1273 0.512290:!: 10 -6.8:!: 0.2 n.d. 



Table 4. (continued) 

Table 4. (continued) 

0"\ 
Vו

Sample A. Strat. T CFA C02 Sr/P CalP (LaI (Sm/ CeI Nd Sm '··"NdI '·'Sm/ '··"NdI ENd(T) /)44Ca (%0) 
no (Ma) phase (wt%) (x 10-4) Sm)N Yb)N Ce* (~g g.l) (~g g.l) I44Nd I44Nd(f) I44Nd(f) :t 20-

(measured) 
B2IL5 I U.Ca. 73(1) P 2.9 134 2.40 1.67 0.35 -0.58 6.8 1.3 0.512368:t 18 0.1156 0.512312:t 18 -6.4:t 0.3 n.d. 

B2ILA 1 U.Ca. 73.0(- P 3.1 131 2.32 1.40 0.45 -0.47 6.7 1.4 0.512374 :t 20 0.1264 0.512314:t 20 -6.3:t 0.4 n.d. 

B2IL2 1 U.Ca. 73.3(-) P n.d. 116 2.40 1.57 0.42 -0.58 8.1 1.6 0.512383:t 14 0.1195 0.512326:t 14 -6.1 :t 0.3 n.d. 

B2IL6 1 U.Ca. 73\') P 3.1 158 2.45 1.57 0.39 -0.65 8.1 1.6 0.512363:t 10 0.1195 0.512306:t 10 -6.5:t 0.2 n.d. 

B2IL3 1 U.Ca. 73.5\") P 3.1 114 2.36 1.63 0.39 -0.60 5.8 1.2 0.512375 :t 22 0.1252 0.512315 :t22 -6.3:t 0.4 0.29:t 0.02 

B2ILI 1 U.Ca. 73.5(- P 3.2 114 2.43 1.41 0.41 -0.51 9.4 1.9 0.512400 :t 20 0.1223 0.512341 :t 20 -5.8:t 0.4 0.28 :t 0.01 

SO/32 5 U.Ca. 74.5(2) P:tS 3.3 94 2.44 1.28 0.52 -0.23 6.2 1.2 0.512349 :t 28 0.1171 0.512292 :t 28 -6.7 :t 0.4 0.30:t 0.04 

SO/34 5 U.Ca. 74.7'") P:tS 3.2 91 2.49 0.97 0.79 -0.13 11 2.2 0.512250:t 10 0.1210 0.512191 :t 10 -8.7 :t 0.2 0.35 :t 0.03 I 

SI/71 1 U.Ca 75(/) P n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.35:t 0.15 

02/01 1 U.Ca. 75(1) N 5.3 n.d. n.d. n.d. n.d. n.d. 0.024(3) 0.0045(') 0.512395:t 10 0.1134 0.512339:t 10 -5.8:t 0.2 0.22:t 0.07 

03/01 1 U.Ca. 75( ) S 3.8 140 2.44 3.8 140 2.44 0.083('" 0.016(") 0.512303:t 18 0.1166 0.512246:t 8 -7.7:t 0.4 0.30:t 0.00 

SO/38 5 U.Ca. 75.0'·) P:tS 3.4 89 2.43 1.31 0.55 -0.24 4.5 0.9 0.512275:t 12 0.1210 0.512216:t 12 -8.2:t 0.2 n.d. 

SO/15 5 U.Ca. 75.1 1 ) P:tS 4.1 121 2.52 0.87 0.99 -0.07 40 8 0.512182:t 10 0.1210 0.512123:t 10 -10.1:t0.2 n.d. 

SO/27 5 U.Ca. 75.3 (2 ) P:tS 3.9 96 2.46 1.22 0.46 -0.47 1.2 0.25 0.512355:t 22 0.1260 0.512293 :t 22 -6.7:t 0.4 n.d. 

SO/12 5 U.Ca. 76.0(2) P:tS 4.5 129 2.58 0.72 1.08 -0.05 27 5.8 0.512257:t 12 0.1299 0.512192:t 12 -8.7 :t 0.2 n.d. 

34/0lp 1 U.Ca. 78( ) P n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.20:t 0.12 

34/0ls 1 U.Ca. 78( ) S n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.24:t 0.00 

014/01 1 U.Ca. 78 ) N 6.0 160 2.70 2.85 0.17 -0.79 2.5 0.47 0.512378:t 16 0.1240 0.512315:t 16 -6.3:t 0.3 0.43:t0.12 

015101 1 U.Ca. 78( ) S 6.2 124 2.70 2.61 0.19 -0.64 2.4 0.48 0.512255:t 16 1210 0.512193:t 16 -8.7:t 0.3 0.29:t 0.12 

030/01 1 L.Ca. 81(1) S 3.6 122 2.42 1.83 0.50 -0.72 0.913(3) 0.177()) 0.512360:t 10 0.1173 0.512298:t 16 -6.6:t 0.2 0.01 :t 0.11 

06/01 1 Sa.-Ca.* 83( ) S 3.0 n.d. n.d. n.d. n.d. n.d. 0.665(2) 0.125(-) 0.512349:t 11 0.1137 0.512287:t 12 -6.8:t 0.2 0.06:t0.10 

-- '----- -_._- '--- - _. ---



Table 4. (continued) 

Table 4. (continued) 

Sample . A . Strat T CFA C02 Sr/P CaIP LaI ( Sm/ ( 
no ) Ma ( phase )% wt ( ) 10-4 x ( Sm)N Yb)N 

027/01 1 *. Sa.-Ca 1 ( 83 S 5.7 135 2.47 1.32 1.07 

S2I02 1 *. Sa.-Ca ( 83 N 6.0 169 2.61 1.80 0.50 

32101p 1 *. Sa.-Ca ) ( 83 P . n.d . n.d . n.d . n.d . n.d 

32101s 1 *. Sa.-Ca ) 1 ( 83 S . n.d . n.d . n.d . n.d . n.d 

18 / ZS 1 . U.Co ( 86 P:!:S 6.1 179 2.65 1.43 0.60 

21 / ZS 1 . U.Co 86(li P:!:S 5.4 175 2.61 1.47 0.67 

23 / ZS 1 . U.Co ) ( 86 P:!:S 5.2 176 2.66 1.49 0.68 

Ar-2 8 . L.Co ) 1 ( 88 P:!:S . n.d 109 2.54 2.19 0.39 

Ar-IOa 8 . L.Co ) ( 88 P:!:S 4.8 112 2.56 2.11 0.38 

Ar-IOb 8 . L.Co ) 1 ( 88 P:!:S 4.7 113 2.68 2.28 0.38 

Ar-21 8 . L.Co ) ( 88 P:!:S 4.7 120 2.68 2.11 0.38 

Ar-20c 8 . L.Co ) 1 ( 88 P:!:S 4.7 113 2.68 2.28 0.38 

S31/03 8 . L.Co ) ( 88 P:!:S 4.7 102 2.77 2.20 0.35 

S32103 8 . L.Co "' 88 P:!:S 2.20 0.35 -0.70 3.9 94 

6007 8 . L.Co ) 88.8(L P:!:S 2.05 0.90 -0.53 6.0 187 

6014 4 . L.Co ( 88.8 P:!:S 5.8 187 2.79 1.50 1.09 

S33/03 8 . M. Tur "' 91 P:!:S 4.4 99 2.82 1.42 1.43 

S34/03 8 . M. Tur ) ( 91 P:!:S 5.6 91 2.49 0.97 4.04 

S3/02 1 . M. Tur ) 1 ( 91 N 6.1 152 2.48 0.45 7.2 

01/01 6 . U.Cen ) 1 ( 94 N 5.7 104 2.52 0.93 2.16 

S4/02 9 . L, Cen ) ( 96 Mm 5.7 106 2.59 1.38 1.22 

Cel Nd Sm 14'''NdI 
* Ce ) g g-l (ןג ) g g-l (ןג 144Nd 

) measured ( 
-0.42 ) 1 ·( 4.486 ) 1 ·( 1.57 10 :!: 0.512336 

-0.61 4.5 0.9 10 :!: 0.512354 

. n.d 5.1 1.02 10 :!: 0.512305 

. n.d 5.1 1.02 0.512316:!:8 

-0.36 46 9.4 8 :!: 0.512347 

-0.64 73 15 8 :!: 0.512363 

-0.64 73 14.8 12 :!: 0.512358 

-0.86 6.3 1.15 10 :!: 0.512355 

-0.86 7.0 1.28 10 :!: 0.512360 

-0.84 7.2 1.3 10 :!: 0.512325 

-0.78 6.1 1.11 20 :!: 0.512349 

-0.86 6.4 1.17 16 :!: 0.512345 

-0.70 2.1 0.4 8 :!: 0.512370 

2.44 1.7 0.3 8 :!: 0.512391 

2.91 2.8 0.5 . n.d 

-0.51 6.3 1.2 10 :!: 0.512314 

-0.53 56 11 8 :!: 0.512411 

-0.36 117 26 8 :!: 0.512418 

0.00 880 200 8 :!: 0.512411 

-0.19 )'( 12.79 )'" 2.75 0.512413:!:8 

-0.34 13.3 2.5 12 :!: 0.512146 

14'Sm/ 14'''NdI 
144Ndm ) 144Nd(T 

0.1425 10 :!: 0.512259 

0.1210 10 :!: 0.512288 

0.1210 10 :!: 0.512239 

0.1210 0.512250:!:8 

0,1236 8 :!: 0.512277 

0.1243 0.512293:!:8 

0.1226 12 :!: 0.512289 

0.1104 10 :!: 0,512294 

0.1106 0.512298:!:10 

0.1092 10 :!: 0.512264 

0.1101 0.512288:!:20 

0.1106 16 :!: 0.512284 

0.1152 38 :!: 0.512306 

1067 . O * 

. n.d . n.d 

0.1152 10 :!: 0.512247 

0.1188 8 :!: 0.512341 

0.1344 8 :!: 0.512339 

0.1375 0.512329:!:8 

0.1300 8 :!: 0.512333 

0.1137 12 :!: 0.512075 

 ENdס)

0.2 :!: -7.4 

0.2 :!: -6.8 

0,2 :!: -7.8 

-7.6:!:0.2 

0.2 :!: -7.0 

0.3 :!: -6.7 

0.2 :!: -6.8 

0.2 :!: -6.7 

0.2 :!: -6.6 

0.2 :!: -7.3 

0.3 :!: -6.8 

0.3 :!: -6.9 

0.3 :!: -6.5 

0,2 :!: -6.0 

. n.d 

-7.6:!:0.2 

0.2 :!: -5.8 

0.2 :!: -5.8 

0.2 :!: -6.0 

0,2 :!: -5.9 

0.2 :!: -11.0 

) %0 ( I)44Ca 
20-:!: 

0.06 :!: 0.12 

0.01 :!: 0.28 

0.11 :!: -0.02 

0.03 :!: 0.13 

0.24:!:0.10 

. n.d 

. n.d 

0.03 :!: 0.25 

0.24:!:0.05 

0.05 :!: 0.26 

0.19:!:0.05 

0.09 :!: 0.26 

0.32:!:0.03 

0.30:!:0.04 

0.09 :!: 0.27 

0.40:!:0.04 

0.03 :!: 0.02 

0.04 :!: 0.01 

-0.09:!:0.13 

. n.d 

. n.d 

0\ 
0\ 



Table 4. (continued) 

Table 4. (continued) 

0\ 
 ג....-

) %0 ( o44Ca )ז( ENd 1·"NdI 1·'SmI 43/NdI ' Sm Nd CeI SmI ( LaI ( Ca/P Sr/P CO2 CFA T . Strat . A Sample 

2cr ::!: ) I44Nd(T ) I44Nd(T I44Nd )" Ilg g ( )" Ilg g ( * Ce Yb)N Sm)N ) 104 x ( )% wt ( phase ) Ma ( no 
) measured ( 

. n.d 0.2 ::!: -11.5 0.512047::!:8 0.1167 8 ::!: 0.512121 10.8 56 -0.16 2.83 0.91 2.59 139 6.0 Mm 11 ( 96 . L.Cen 9 S5102 

0.01 ::!: -0.07 0.2 ::!: -11.4 10 ::!: 0.512054 0.1133 10 ::!: 0.512123 88 470 -0.20 2.67 0.98 2.65 210 3.0 N ) ( 106 . L.Alb 10 042101 

0.12 ::!: 0.09 0.2 ::!: IO.O -12 ::!: 0.512126 0.1224 12 ::!: 0.512210 1) ·( 3.747 1) :( 18.52 . n.d . n.d . n.d . n.d . n.d 6.1 Mm ) ( 106 . L.Alb I 07/01 

0.02 ::!: -0.04 0.2 ::!: -11.2 10 ::!: 0.512061 0.1163 10 ::!: 0.512142 75 390 -0.19 4.55 1.05 2.63 200 4.2 N , 1 ( 106 . L.Alb 10 043/01 

0.06 ::!: -0.23 0.2 ::!: II.O -10 ::!: 0.512074 0.1074 10 ::!: 0.512148 142 800 -0.31 3.25 0.95 2.59 214 3.3 N 11 ( 106 . L. Alb 10 049/01 

0.02 ::!: 0.03 0.2 ::!: -12.6 12 ::!: 0.511992 0.1040 12 ::!: 0.512065 4.3 25 -0.01 148 1.45 2.43 87 2.0 N ) 1 ( 110 . L.Alb II S27/03 

0.03 ::!: -0.11 -10.8::!:0.2 8 ::!: 0.512084 0.1082 0.512160::!:8 110 615 -0.46 . n.d . n.d 2.59 212 3.4 N ) 1 ( 114 . U.Apt 10 045101 

. n.d 11.0::!:0.2 8 ::!: 0.511982 0.1108 8 ::!: 0.512065 II 60 0.00 2.51 1.21 2.58 177 5.6 N 114(l . U. Apt II S26/03 

0.05 ::!: -0.26 0.2 ::!: -12.8 10 ::!: 0.511975 0.1323 10 ::!: 0.512083 7.0 32 -0.08 2.77 0.51 2.52 123 2.3 N )/( 125 . L. Bar II S25103 

0.05 ::!: 0.19 -0.3 ::!: -11.9 14 ::!: 0.512029 0.1279 14 ::!: 0.512134 7.4 35 -0.17 1.75 0.92 2.52 127 2.3 N 130111 . L. Haut II S24/03 

----_ L. -----

9-;) I -Israel (Negev); 2 - Morocco (Ganntour); 3 - Tunisia (Gafsa); 4 - Greece (Ionian zone); 5 - Egypt (Red sea coast); 6 - Jordan (AI Abiad. Rusaifa); 7 - Syria (Er Rakheime); 8 - Turkey (Mardin-Mazidagi 
. S. England (Isle of Wight. Lyme Regis); 10 - SE France (Fosse Voncontien); II - Helvetic Alps 

­. L. - Lower; M. - Middle; U. - Upper; Eo. - Eocene; Ma. - Maastrichtian; Ca. - Campanian; Sa-Ca* - Santonian-Campanian transition; Co. - Coniacian; Tu. - Turonian; Ce. - Cenomanian; Alb. - Albian; Apt 
. Aptian; Bar. - Barremian; Haut. - Hauterivian 

N - nodular; Mm - megafossil molds; S - skeletal; P - pelletal; ln - intraclastic 
. lnitial composition at time T of the sample )ז( 

.) 1995 ( .aו I) - estimated chronostratigraphic ages according to the stratigraphic position ofthe samples in time scales ofGradstein et al. (1995) and Berggren et <ז
2) - measured Sr ages <ז

. 3) 20% glacial acid acetic dissolution; for other samples 1/3 HN03 dissolution was used ( 
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Table 5. Comparison of ENd (7) values in CF A for various 
Campanian-Eocene stratigraphic intervals in different sites 
along the Tethyan phosphate province. 

Stage T 1 2 3 
(Ma) 

L.Eo. 46.0 -7.5:!: 0.2 
50.5 -7.8 :!:0.2 
53 -9.7:!: 0.2 
60 -8.9:!: 0.3 

U.Ma. 66 -10.1 :!: 0.2 
66.7 -7.8 :!:0.2 
67.2 -6.8 :!:0.3 
68.2 -6.3:!: 0.3 

L.Ma. 70.8 -6.9:!:0.2 
71 -7.3 :!:0.2 -10.6:!: 0.2 

U.Ca 72.0 -6.4:!: 0.2 -8.1 :!: 0.2 
72.5 -6.7:!: 0.2 -7.6:!:0.2 
75.0 -6.7:!: 0.3 -9.1 :!:0.2 
76.0 -8.7 :!: 0.2 

Eo. - Eocene; Ma. - Maastrichtian; Ca - Campanian; U - upper; L - lower; 
§ - Sr ages; other T are estimated biostratigraphic ages. 
1 - Israel (Negev); 2 - Egypt (Red sea coast); 3 - Morocco (Ganntour) 



Table 6. P and Ca accumulation rates and bulk sedimentation rates over the Cretaceous - Eocene succession in the Negev area. 

Stage Stratigraphy T n(J) P acc. rate Bulk sed. Sources (J) n(.t) Ca acc. rate Sources (.t) 

(Ma) (Ilmole.cm'2 .kyr'l) rate (Ilmo1e. cm'2.kyr' 
(cm.kyr'l) 1) 

U.Eo. Qez'iot Fm. 38-35 2 25:t 10 3.3 1 4 24:t 10 1,3 
M.Eo. Matred Fm. 43.7-38 5 40:t 20 1.4 3,53, 17 12:t 1.2 2, 3, 6, 20, 53, 
L.Eo. Paran Fm. 49-43.7 8 300:t 220 2.5:t 1.0 2,3,6,53 

MorFm. 52.3-49 4 90:t 40 1.3:t 0.6 6,53, this work 
Pal. Taqiya 65-53 12 70 :t40 0.6:t0.2 1,2,6,19,21,53,this 11 3.3:t 1.3 1,2,6,19-21,53, 

work this work 
Ma. Ghareb M. 70-65 7 110:t 40 0.7 :t0.3 1,35, 10 7.7:tl.4 1,2,6,35,53,21, 

Fm. O. Sh .. 72-70 6 630:t 170 1.4 :t 0.5 1,27,35,43, this work 
U.Ca Mishash Ph. U. 74-72 31 1470:t 650 0.4 :t0.2 4,5,7,9-14, 16,24-26,28, 10 3.2:t 1.9 3, 8, 15, 43, 45, 

Fm. 31, 33, 36-42,46-52, 54-61 54 
Po. U. 75.5-74 3 930:t 90 0.8 :t0.2 8, 34, this work 
Ph.-Ca 79-75.5 2 630:t 50 0.8:t 0.5 8, this work 
U. 

U.Co- Menuha Up. 83-80.5 2 170:t 15 0.9:t 0.3 2,3,6,20,21,32,53 10 11:t 1.6 6,20,53 
L.Ca Fm. L. 87-83 9 115 :t 30 1.3:t 0.3 2,8,20. 
U. Tu- ZihorFm. 89-87 4 45:t 10 2.1 :t 0.3 1,2,3,6, 19-22,53 6 23:t 3.6 3,20,53 
Co 
U.Tu Gerofit Fm. 90.5-89 15 210:t 130 9.2 :t2.9 19,20,32, 29 100:t 8.6 1-3, 6, 20, 22, 53 
L.-M. Tu Ora shale Fm. 94-90.5 9 35 :t 15 1.8:t0.l 1,2,3,6,20,21 10 13.9:t 1.3 1-3,6 
L. Alb.- Hazera Av. + Ta. 95.8-94 4 50:t 40 5.3:t 1.5 3,6,20,21,32 19 74:t 2.6 2,3,6, 
U.Ce. Fm. 20,30,32 

Za. 97-95.8 1 20 5.0 3 10 33:t 6.2 1-3,32,20,44 
Yo .. 99-96.8 4 25:t 15 1.6:t 0.7 3,6,20,32 6 16.3 :t 6.7 3,6,20,32 
He. 103 (?) - 2 35 :t 15 3.5 3,6 4 38:t 5.2 1-3,20 

- - - ~-

Eo. - Eocene; Pal. - Paleocene; Ma - Maastrichtian; Ca - Campanian; Co - Coniacian; Tu - Turonian; Ce. - Cenomanian; Alb. - Albian; U. - upper; M - middle; L. - lower. 
M. - marly Mbr; O. sh. - Oil Shale Mbr.; Ph. U. - Phosphorite unit; Po. U. - Porcelanite unit; Ph.-Ca U. - Phosphatic carbonate unit; Av. - Avnon Mbr. Ta - Tamar Mbr.; 
Za. - Zafit Mbr.; Yo. - Yorqe' am Mbr; He. - Hevyon Mbr. 
n(l) - number of sections quantified for P acc. and sed. rates; n(2) - number of sections quantified for Ca rate. 
T from Lewy (1990) and Zohar (2004) ; time scales used - Gradstein et al. (1995) - Mesozoic; and Berggren et al. (1995) - Cenozoic. 

0\ 
\0 
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Table 7. Corg:Norg ratios, and Ol3Corg and Ol5Norg values in Negev succession 
(Upper Coniacian-Middle Eocene) and in phosphate samples (Campanian) ofEgypt (Red sea) 

Sample Stratigr. TOC\IJ Corg\LJ Norg C:Norg Ol3Corg Ol5Norg 
no interval (wt%) (wt%) (wt%) (atomic) (%0) (%0) 

M-13/39.1-40.3 9 0.3 1.7 0.07 28.0 - 25.37 4.27 
M-13/47.0-49.5 9 0.5 2.5 0.13 23.3 - 25.92 3.46 
M-13/52.1-54.1 9 0.3 2.4 0.13 21.1 - 26.07 4.79 
M-13/58.0-59.6 9 0.2 0.9 0.05 23.3 - 25.88 2.95 
M-13/65.1-66.7 9 0.3 1.9 0.10 22.8 - 26.21 4.08 
M-13171.5-74.5 9 0.3 1.7 0.09 23.3 - 26.23 4.81 
M-13/79.0-82.0 9 0.4 2.2 0.12 22.5 - 27.11 4.35 
M-13/88.4-91.4 9 0.3 3.9 0.12 40.0 - 26.90 7.11 
M-13/98.5-101.0 9 0.4 1.8 0.07 28.0 - 26.96 3.35 
M-7/297 8 0.3 0.8 0.08 12.0 - 26.94 6.62 
M-7/300 8 0.2 0.5 0.13 4.4 - 26.00 - 2.96 
M-7/309 8 0.4 1.1 0.15 9.0 - 26.21 - 0.80 
M-7/327 8 0.2 0.9 0.09 11.6 - 26.08 7.01 
M-7/336 8 0.4 1.2 0.09 16.6 - 25.51 6.58 
M-7/338 8 0.4 1.1 0.09 15.0 - 25.93 6.46 
M-7/341 8 0.4 1.1 0.10 12.8 - 26.15 6.16 
M-7/344 8 0.5 1.1 0.09 15.0 - 26.29 6.23 
M-7/345 8 0.5 1.3 0.11 15.7 - 26.20 6.68 
M-7/347 8 1.0 2.1 0.16 15.4 - 26.62 5.09 
B-124/8.0-9.5 7 0.3 1.0 0.11 10.0 - 26.40 (-26.69) 9.18 
B-124/12.0-13.0 7 0.2 1.1 0.09 15.0 - 26.39 7.17 
B-124/13.5-14.0 7 0.2 1.1 0.14 9.0 - 26.52 7.70 
B-124/14.0-14.5 7 0.2 1.0 0.11 10.0 - 26.90 8.29 
B-124/15.5-16.5 7 0.2 0.8 0.10 8.5 - 27.10 7.26 
B-124/16.5-17.0 7 0.2 0.7 0.08 12.0 - 26.62 (-26.45) 7.63 
B-124/17.0-17.3 7 0.3 0.9 0.10 14.0 - 26.77 8.93 
B-124/24.0-25.0 7 0.3 1.2 0.18 7.7 - 26.82 6.50 
B-124/28.8-29.1 6 4.1 13.4 n.d. n.d. - 28.86 n.d. 
B-124/29.1-29.3 6 11.3 27.8 n.d. n.d. -29.14 n.d. 
B-124/30.3-31.0 6 9.4 22.0 0.96 26.9 - 29.41 (-29.11) 5.23 
B-124/32.0-32. 7 6 8.0 24.7 0.93 30.9 - 29.27 3.08 
B-124/36.3-37.0 6 8.8 21.9 0.97 29.3 - 28.61 (-28.31) 5.48 
B-124/37.0-37.7 6 12.4 38.4 1.03 41.6 - 29.04 5.26 
B-124/37.7-38.4 6 8.3 23.7 1.00 27.7 - 29.07 5.55 
B-124/38.4-39.2 6 6.9 22.4 1.16 22.7 - 29.46 5.66 
B-124/45-45.6 6 7.9 28.4 1.04 31.7 - 28.81 5.15 
B-124/48.0-48.6 6 9.6 26.2 1.00 30.7 - 28.99 5.53 
B-124/50.4-51.0 6 7.8 23.5 1.09 24.4 - 29.25 (-28.93) 4.55 
B-124/58.8-59.4 6 9.3 32.6 1.26 30.1 - 29.13 (-28.54) 4.88 
B-124/60.0-60.7 6 9.5 35.4 1.27 32.6 - 29.52 4.83 
B-124/60.7-61.5 6 11.3 40.5 1.26 37.4 - 29.57 (-28.95) 4.85 
B-124/62.2-63.0 6 12.4 32.3 1.08 34.9 - 29.50 3.54 
B-124/63.0-63.5 6 11.6 39.6 1.30 35.8 - 29.65 4.98 
B-124/63.5-64.0 6 11.4 40.6 1.19 39.7 - 30.30 5.63 
B-124/65.0-65.5 6 15.4 45.6 1.50 35.5 - 29.67 5.82 
B-124/65.5-66.0 6 15.4 44.7 1.66 31.5 - 30.26 (-29.75) 5.35 
B-17/13 5 5.2 35.1 0.83 49.5 - 28.61 4.52 
B-17/12 5 7.4 40.4 0.91 51.7 - 29.32 5.66 
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Table 7 (continued ) 

Sample Strat. TOC(l) Corg(L) Norg C:Norg 813Corg 815 Norg 
no (wt% ) (wt%) (wt%) (atomic) (%0) (%0) 

B-17/11 5 5.3 26.8 0.62 50.7 - 28.55 4.66 
B-17/10 5 4.1 12.0 n.d. n.d. - 28.76 n.d. 
B-17/9 5 2.8 20.7 0.55 44.1 - 28.58 4.28 
B-17/8 5 2.9 21.1 0.51 48.6 - 29.03 4.27 
B-1717 5 8.0 28.9 0.68 50.2 - 28.87 3.92 
B17/6 5 2.3 4.0 0.09 55.0 - 28.86 4.15 
B17/5 5 5.5 21.7 0.48 52.9 - 29.06 4.53 
B17/3 5 5.0 18.0 0.89 55.1 - 29.36 4.37 
B17/2 5 6.8 26.0 0.62 49.0 - 29.43 3.77 
B17/1 5 3.3 10.9 0.42 30.3 - 29.03 4.08 
ATT7 beta(j) 5+4 0.7 1.99 0.09 25.8 -12.57 5.57 
Q25C(j/ 4+5 2.53 3.62 0.17 24.9 -29.85 5.94 
Q22A(j) 4+5 19.3 32.2 0.84 44.6 -27.47 7.41 
ATT5 gamma(j) 4+5 4.0 4.2 0.17 28.9 -27.82 5.88 
NMT1(j) 4+5 n.d. 34.8 0.86 47.2 -27.46 7.57 
Qll(j) 4+5 2.7 3.6 0.11 38.2 -27.82 5.78 
Q25B(j) 4+5 2.7 6.7 0.13 60.1 -16.59 6.12 
ATT 5H 2(j) 4+5 4.0 3.4 0.13 30.5 -27.67 5.93 
Q2(j) 4+5 2.1 2.1 0.08 30.6 -27.23 5.96 
SI 53.0-54.0 4 7.2 9.1 0.29 38.0 -29.10 (-29.34) 4.01 
SI55.0-56.0 4 7.4 9.8 0.31 36.8 -29.33 4.48 
S 1 57.0-58.0 4 15.8 26.2 0.65 47.4 -28.51 (-28.57) 4.34 
S 1 60.0-61.0 4 15.8 19.4 0.47 48.5 -28.46 3.59 
SI 63.0-64.0 4 11.5 15.9 0.40 47.1 -27.82 (-28.21) 4.58 
SI 65.0-66.0 4 7.2 9.9 0.28 40.0 -28.71 5.88 
S 1 67.0-68.0 4 4.5 5.8 0.21 32.0 -29.37 8.47 
SI69.0-70.0 4 8.3 10.7 0.31 40.0 -28.51 6.62 
SI71.0-72.0 3 10.0 15.4 0.44 40.9 -28.21 4.34 
SI72.0-73.0 3 7.4 12.0 0.35 39.6 -28.56 3.96 
SI 74.0-75.0 3 4.5 5.6 0.21 30.6 -29.48 4.70 
SI77.0-78.0 3 8.5 20.4 0.52 45.7 -28.45 3.66 
SI78.0-79.0 3 12.1 19.2 0.49 45.7 -28.40 (-28.41) 4.09 
S 1 82.0-83.0 3 7.9 19.4 0.56 40.2 -29.22 (-29.32) 3.07 
SI84.0-85.0 3 3.8 7.8 0.26 35.5 -29.42 3.87 
S 1 86.0-87.0 3 6.6 17.9 0.52 42.2 -29.70 3.02 
SI 88.0-89.0 3 8.3 15.7 0.45 41.1 -29.47 (-29.65) 2.93 
SI90.0-91.0 3 12.2 29.6 0.84 41.0 -29.65 4.23 
SI94.0-95.0 3 9.5 24.0 0.64 44.2 -28.70 -0.08 
SI98.0-99.0 3 10.8 17.3 0.44 46.4 -27.90 2.37 
SI 100.0-101.0 3 5.4 8.8 0.25 42.9 -28.50 4.55 
SI 101.0-102.0 3 6.3 13.3 0.33 48.2 -28.69 (-29.82) 4.24 
SI 102.0-103.0 3 8.8 23.3 0.54 51.0 -28.92 3.53 
SI 104.0-105.0 3 5.7 11.0 0.29 46.0 -28.52 4.75 
SI 106.0-107.0 3 7.0 10.1 0.14 84.0 -29.66 (-29.01) 3.76 
ZS-28/73.3 2 16.7 70.6 1.34 61.9 - 30.17 2.79 
ZS-28/78.0 2 4.4 5.8 0.19 35.5 - 28.80 5.19 
ZS-28/78.9 2 7.6 33.8 0.87 45.3 - 27.58 3.46 
ZS-28/79.3 2 3.8 10.0 0.34 34.6 - 29.13 4.58 
ZS-28/79.5 2 2.1 2.45 0.06 50.0 - 29.50 2.01 
ZS-28/81.8 2 10.4 31.6 0.77 47.6 - 28.81 2.70 
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Table 7 (continued) 

Sample Stratigr. TOC\l/ Corg\~/ Norg Corg:Norg 813Corg 815Norg 
No interval (wt%) (wt%) (wt%) (atomic) (%0) (%0) 

ZS-28/85.5 2 8.7 39.8 1.00 46.7 - 29.40 3.03 
ZS-28/85.8 2 2.7 2.9 0.07 48.0 - 29.12 3.15 
ZS-28/87.0 2 2.0 2.1 0.05 56.6 - 29.03 2.59 
ZS-28/90.0 2 10.0 18.1 0.36 35.7 - 28.91 3.08 
ZS-28/91.5 2 7.1 16.6 0.48 40.5 - 28.91 4.59 
ZS-28/93.0 1 1.7 24.7 0.84 34.1 - 26.45 0.40 
ZS-28/95.7 1 1.6 1.7 0.05 46.6 - 28.92 n.d. 
ZS-28/96.0 1 2.8 15.6 0.67 27.6 - 28.20 5.53 
ZS-28/96.3 1 3.4 n.d. 0.85 n.d. n.d. - 0.54 
ZS-28/96.5 1 4.3 3.96 0.09 55.0 - 28.79 n.d. 
ZS-28/97.0 1 0.3 31.5 0.95 38.9 - 28.63 5.86 
ZS-28/97.5 1 n.d. 3.1 0.72 4.9 - 28.35 1.10 
ZS-28/97.7 1 n.d. n.d. 0.94 n.d. n.d. -0.74 
ZS-28/99.8 1 n.d. n.d. 0.96 n.d. n.d. - 0.18 
ZS-28/102.0 1 n.d. n.d. 0.19 n.d. n.d. 4.57 

כ

'"' 

(1) Zihor (?)-Menuha Fms (Upper Coniacian-Lower Santonian); (2) Menuha Fm. (Lower Campanian); 
(3) Phosphatic Carbonate unit, Mishash Fm. (Up. Campanian);(4) Porcelanite unit, Mishash Fm. (Up. 
Campanian); 
(5) Phosphorite unit, Mishash Fm. (Uppermost Campanian); (6) Oil Shale Mbr., Ghareb Fm. (L. 
Maastrichtian); 
(7) Chalky-Marly Mbr., Ghareb Fm. (Up. Maastrichtian); (8) Taqiye Fm. (Paleocene); Paran Fm. (Lower­
Middle Eocene). 
(1) _ in bulk samples; (2) - in the organic fraction. (3) - Egyptian (Red Sea) phosphate samples. 
813C values in parentheses are values measured in the Geochemistry Division of the Geological Survey of 
Israel. 
AII the other C and N results are from the Department of Geology and Geophysics of the University of 
Hawaii. 
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Table 8. TOC, C:org: N:organd Corg.:Porg ratios in various intervals over the Upper Coniacian-Middle Eocene 
Negev succession 

}'+' }: Porg ~ Corg' org כ}N' :}כ, Corg }'+' Porg }כ, Norg ) Corg(j ) Corg(Z ) TOC(l . Strat Sample No 
) atomic ( ) atomic ( )% wt ( )% wt ( )% wt ( )% wt ( )% wt ( . Interv 

337 28.0 0.0107 0.07 1.7 1.4 0.3 8 MI3/39.1-40.3 
137 23.3 0.0150 0.05 0.9 0.8 0.2 8 MI3/58.0-59.6 
480 22.8 0.0102 0.10 1.9 1.9 0.3 8 1-66.7 . 13165 M 
765 40.0 0.0108 0.12 3.9 3.2 0.3 8 MI3/88.4-91.4 
20 10.6 0.0744 0.11 1.0 0.6 0.3 7 B-124/8.0-9.5 
43 10.0 0.0476 0.14 1.1 0.8 0.2 7 BI24/13.5-14.0 
26 10.2 0.0496 0.08 0.7 0.5 0.2 7 B-124/16.5-17.0 
36 7.7 0.0924 0.18 1.2 1.3 0.3 7 BI24124.0-25.0 
94 . n.d 0.0450 . n.d . n.d 1.6 0.3 7 B-124/25.0-25.5 
1371 26.7 0.0450 0.96 22.0 23.1 9.4 6 B-124/30.3-31.0 
2117 26.3 0.0223 0.97 21.9 17.8 8.8 6 37.0 B-124/36.3-
1990 . n.d 0.0354 . n.d 28.4 26.3 7.9 6 B-124/45.0-45.6 
4252 25.1 0.0174 1.09 23.5 28.6 7.8 6 B-124/50.4-51.0 
2511 30.1 0.0393 1.26 32.6 36.2 9.3 6 B-124/58.8-59.4 
11956 37.4 0.0095 1.26 40.5 42.5 11.3 6 B-124/60.75-61.5 
6480 31.4 0.0189 1.66 44.7 46.7 15.4 6 B-124/65.5-66.0 
1973 30.3 0.0298 0.42 10.9 22.8 3.3 5 B17/1 
3116 52.9 0.0270 0.89 21.7 32.6 5.5 5 B17/4 
3373 48.6 0.263 0.51 21.1 34.4 2.9 5 B17/8 
4615 50.7 0.0288 0.62 26.8 51.5 5.3 5 B17/11 
4348 36.6 0.0029 0.29 9.1 4.7 7.2 4 S-1153.0-54.0 
1885 46.9 0.0270 0.65 26.2 19.7 15.8 4 S-1157.0-58.0 
4870 46.4 0.0063 0.40 15.9 11.7 11.5 4 S-1/63.0-64.0 
7552 45.7 0.0045 0.49 19.2 12.7 12.1 3 S-ln8.0-79.0 
3580 40.3 0.0127 0.56 19.4 17.2 7.9 3 S-1/82.0-83.0 
5703 40.7 0.0066 0.45 15.7 13.7 8.3 3 S-1/88.0-89.0 
7844 47.1 0.0059 0.33 13.3 17.9 6.3 3 S-1/101-102 
719 84.0 0.0370 0.14 10.1 9.5 7.0 3 S-11106.0-107.0 
4216 61.9 0.0388 1.34 70.6 63.4 16.7 2 ) 73.3 ( ZS28/1 
1542 34.6 0.0139 0.34 10.0 8.3 3.8 2 ) 79.3 ( ZS28n 
9178 47.6 0.0115 0.77 31.6 40.9 10.4 2 ) 81.8 ( ZS28/9 
745 56.6 0.0083 0.05 2.1 2.4 2.0 2 ) 87.0 ( ZS28/13 
3446 34.1 0.0173 0.84 24.7 23.1 1.7 1 ) 93.0 ( ZS28/16 
1036 27.6 0.0662 0.67 15.6 26.6 2.8 1 ) 96.0 ( ZS28/18 
103 38.9 0.0325 0.95 31.5 1.3 0.3 1 ) 97.0 ( ZS28/21 
52 4.9 0.0398 0.72 3.1 0.8 . n.d 1 ) 97.5 ( ZS28/23 

!J 

'"> 

(1) Zihor (?)-Menuha Fms (Upper Coniacian-Lower Santonian); (2) Menuha Fm. (Lower Campanian); (3) 
Phosphatic Carbonate unit, Mishash Fm. (Up. Campanian);(4) Porcelanite unit, Mishash Fm. (Up. 
Campanian); (5) Phosphorite unit, Mishash Fm. (Uppermost Campanian); (6) Oil Shale Mbr., Ghareb Fm. (L. 
Maastrichtian); (7) Chalky-Marly Mbr., Ghareb Fm. (Up. Maastrichtian); Paran Fm. (Lower-Middle Eocene). 
(1) in bulk samples 
(2) GSI measurements 
(3) University ofHawaii measurements 
(4) Hebrew University (Rehovot) measurements 
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Table 9. C(org) accumulation rates along the Upper Coniacian 
-Lower-Middle Eocene succession ofthe Negev 

Stratigr. T\l} Thickness TOC (wt%) C(org) accum. rate 

interval (Ma) (m) (mean) (!!moleC(org).cm-2.kyrOI ) 

9 3.0\~} 49.0\~}} 0.33:t 0.08 540:t 130 

8 5.7\~' 50.0\~' 0.43:t 0.22 380:t 190 

7 3.2(l) 16.0(l) 0.23:t 0.05 120:t 30 

6 1.8 41.0 10.0:t 2.8 22760:t 6400 

5 1.8 11.0 4.88:t 1.86 2980:t 1100 

4 1.3 16.0 9.71 :t 4.20 11940:t5100 

3 3.7 35.0 7.92:t 2.40 7490:t 2200 

2 4.3 18.5 6.86:t 4.49 2950:t 1900 

1 0.9(l) 4.0(l) 2.35:t 1.43 1040:t 600 

'> 

(1) Zihor (?)-Menuha Fms (Upper Coniacian-Lower Santonian); (2) Menuha Fm. (Lower Campanian); 
(3) Phosphatic Carbonate unit, Mishash Fm. (Up. Campanian);(4) Porcelanite unit, Mishash Fm. (Up. 
Campanian); (5) Phosphorite unit, Mishash Fm. (Uppermost Campanian); (6) Oil Shale Mbr., Ghareb 
Fm. (L. Maastrichtian); (7) Chalky-Marly Mbr., Ghareb Fm. (Up. Maastrichtian); (8) Taqiye Fm. 
(Paleocene); Paran Fms. (Lower-Middle Eocene). 
(1) Estimated from Sr isotopic measurements and where these are lacking, T was estimated from the 
stratigraphic position of the samples in time scales of Gradstein et al. (1995) and Berggren et al. (1995). 
(2) Uncomplete section 
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תקציר

בצירקולציהשינוייםמשקפיםהםהאם,וכןהזמןלאורךהפוספוגנזהבקצביהשנוייםאתלהביןכדי

 .הקרסיקון-איאוקןבמהלךהתסיסשלהפוספוגנזההתפתחותנבחנההיבשתית,הבלייהבעצמתאוהימית

התיכון,לאיאוקןההוסרבייןביןשנהמליון 90ל-קרובשלזמןסווחהמייצגיםרצופים,פוספוריסאופקי 26

שלההצסברותקצבי,חושבוכןכמוהפרנקוליסית.בפאזה Ndו- Sr, Ca ,שלהאיזוסופילהרכבנבדקו

אתלבררכדיזאתבנגב,התיכון-איאוקןהקרסיקוןלאורךהסדימנסציהוקצביהקלציוםושלהזרחן

 813C,815N ,C:N:Pויחסי , TOC )%(הפוספוגנזה.עצמתלביןהאיזוסופייםהשינוייםביןהדדייםהיחסים

(קמפןבמצרייםהפוספוריסחתך,ושלבנגבהקוניאק-איאוקןשלהמשקעיםחתךשלהאורגניתבפרקציה

 .הימיתהצירקולציהעיייהנוסריאנסיםומחזורהרגנרציהמדיתאתלהעריךבמסרהנמדדועליון),

בזמן,דומותהשתנותמגמותמראים ENd ) (1ו- 844Ca ) 1 :האבותהמסקנותמתקבלותמהממצאים

בין ENd ) (1ה-בערכימובהקשונייש ) 2 ;העליוןבקמפןאחדיםושיאיםהקנומן-סורוןלאחרתלולהעליהעם

ישראלשלהפוספוריסבין ENd ) (1ה-בערכישוניוכןהקמפן,בתקופתמצריםשלוזהישראלשלהפוספוריס

בנגבהעליוןבקמפן ENd ) (1ו- 844Caה-שיאי ) 3 ;המאססריכס-איאוקןבתקופתאפריקהצפוןשלוזה

 ) 4 ;הסדימנסציהוקצביהקלציוםשלההצסברותבקצביומינימוםהזרחן,שלההצסברותבקצבשיאחופפים

 ) 5 ;שבנדקהזמןבסווח Ndו- Caה-ושל Srה-שלהאיזוסופיבהרכבההתפתחותביןהתאמהבדייכאין

)% 813C ,C:N:P ,TOC (wt ,815-וN בו-זמנית.משתניםהמשקעים,שלהאורגניתבפרקציה

הזרחןהצסברותקצביעםיחד , 815N ,813C ,TOC ,844Ca ,ENd(T (שלהבו-זמניתההשתנות

ואוקיאנוגרפייםפלאוגיאוגרפייםגורמיםשלחשיבותםעלמצביעהבנגבהתיכון-איאוקןבקרסיקון

מישלמוגברתכניסהעלמצביעההעליוןהקנומןלאחר ENd(T (ב-התלולההעליההפוספס.בהצסברות

הצירקולציהוהגברתהעליוןבקרסיקוןהיםפנישלהגלובליתמעליההנובעתהתסיס,תוךאלהפסיפיק

פניעלהיםמהתפשסותכתוצאההיבשתי Ndה-בתרומתהחלשהגםמשקפת ENd(T (ב-העליההימית.

ניכרתהתפשסותעםיחדיבשתי Ca 2+שלבשסףירידהמשקפת 844Caה-בערכיהמקבילההעליההיבשות.

הקמפןבתקופתהזרחןשלההצסברותבקצביהגידולהיבשת.במדפיהקרבונסיתהסדימנסציהשסחישל

אלהשניהלוחות.מסקסוניקתהנובעיםאפקסיםעםהיםפניעליתשלהמשולבהאפקסאתהואאףמשקף

התסיס.ביםמתאימהואסמוספריתימיתלצירקולציהגורמיםיחדיו

עלמעידיםבנגבהקמפן-מאססריכסמשקעישלהאורגניתבפרקציההנמוכים 815Nו- 813Cערכי

זופעילותהמזרחי.הסתיסביםהמיםלעמודתמומסזרחןהמזריםחופי upwellingשלמוגברתפעילות

ביןההתאמה.חוסר ENd(T (ה-בערכישמשתקף,כפיבמיוחדזהבאזורהימיתהצירקולציהמהגברתנובעת

עלכנראהמצבעיהשנבדקהזמןבסווח Ca-Ndה-ושל Srשלהאיזוסופיבהרכבהגיאוכימיתההתפתחות

בין ENd(T (בערכיהשונילכך,.בנוסךהפוספוגנזהעצמתלביןהיבשתיתהבלייהקצביביןישירקשרחוסר

האזוריםבשניהזרחןשלשוניםימייםמקורותעלמרמזאפריקהצפוןושלהתיכוןמזרחשלהפוספוריסים

הללו.








